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Abstract 
Chemically mediated phosphorus removal, done during wastewater treatment, is 
an effective means of reducing nutrient loads to sensitive environments. Although this 
method of treatment is widely used, the mechanism of removal is poorly understood. 
Moreover, phosphorus regulations for wastewater effluents are moving to concentration 
ranges of 10-100 jug P/L (total phosphorus). This is much lower than current regulations 
(-0.1 -0.2 mg P/L as TP) required by municipalities (Takacs et al., 2006a; Murthy et al., 
2005). The analytical methods for low level phosphate analysis need to be optimized to 
perform reliably and accurately at these low levels. To accomplish this, absorbance 
measurements with long path lengths of 10 cm and 1 m were performed. The ascorbic 
acid method (Standard Methods 4500-P. E.) was modified for a 10 cm path length by 
using a colour-forming reagent volume that was 30% of the volume recommended by 
Standard Methods (4500-P. E.) and a colour development time of 1 hour. The same 
reagent volume is recommended for a 1 m path length with colour development overnight 
(24 hours). Additionally, a filtration protocol was found to be necessary to better define 
the "dissolved" fraction in synthetic iron and phosphate solutions used to model 
chemically mediated phosphorus removal. It was found that a 0.45 |am syringe filter 
gave variable results, likely due to a build-up of iron hydroxide colloids (less than 450 
nm) on the filter. Phosphorus is associated with the iron hydroxide and remains on the 
surface of the filter as the colloids build-up and block the pores of the filter. This resulted 
in less phosphorus passing through the filter to be measured as dissolved. For jar tests 
designed to evaluate chemically mediated phosphorus removal, the recommended 
protocol to achieve the lowest reproducible orthophosphate concentration employs a 47 
mm diameter Millipore filter, filtration at a rate of 250 mL/hour and a filtered volume of 
10 mL. 
To improve the understanding of the chemically mediated phosphorus removal 
process and integrate modeling of phosphorus removal into computerized plant models 
such as Bio Win™ (EnviroSim Inc.), laboratory tests employing a factorial design were 
conducted. A 24 factorial design allowed two extremes of four significant factors in the 
nutrient removal process to be considered simultaneously. The four factors (with the 
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high and low values in brackets) were solution pH (pH 6 and 8), iron dose (5 mg Fe/L 
and 10 mg Fe/L), mixing intensity (G = 23.5 s"1 and 376 s"1), and water hardness (-44 
mg/L as CaCCh and -170 mg/L as CaCOs). The 16 experiments required by the 24 
factorial design were each performed over a 24-hour period, monitoring the residual 
orthophosphate concentration as a measure of effective P removal. The results confirmed 
factors of the process that were thought to affect phosphorus removal: faster mixing 
resulted in better initial removal and higher dose (5 compared to 2.5 in terms of molar 
Fe:P dose) resulted in an order of magnitude difference in residual orthophosphate 
concentration. Statistical analysis revealed that the most significant factors (p<0.05) in 
phosphorus removal are the two-way interactions of dose by mixing and dose by pH. 
These two-way interactions indicate that modeling the phosphorus removal process 
should consider these factors simultaneously, not as individual variables. Additionally, 
residual phosphorus measurements versus time were fit to a simultaneous precipitation 
dissolution model assuming first order kinetics. The results suggest that the kinetics of 
the Fe-H-P04 system are highly variable and depend on the factors of dose, pH, mixing, 
and water hardness. 
iii 
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Chapter 1 
Introduction 
Phosphorus is an essential nutrient found in fertilizers, human waste, and 
commercial cleaning products (Neethling, 2007; vanLoon and Duffy, 2000). Excess 
phosphorus in natural systems such as lakes, rivers, and streams causes eutrophication. 
Phosphorus enters lakes and rivers through urban and rural runoff, discharges from 
factories and municipal wastewater effluent (vanLoon and Duffy, 2000). In most cases, 
municipal wastewater is the largest source of phosphorus (vanLoon and Duffy, 2000). 
Due to the environmental impacts of surplus nutrient loads, there is a need for efficient 
wastewater treatment to clean contaminated waters. This thesis deals with chemical 
phosphorus removal during wastewater treatment. 
Chemical phosphorus (P) removal, during wastewater treatment, is performed 
with the addition of metal (Al3+, Fe3+, F2+) salts to precipitate the soluble phosphorus. 
Orthophosphate is the most reactive phosphorus species and the one removed most 
efficiently in the precipitation process. Although chemical phosphorus removal has been 
used in the treatment process for years, the mechanism of phosphorus removal is poorly 
understood (section 2.4). There is significant similarity between metal oxide and 
phosphorus interactions in wastewater and sediment phosphorus interactions and nutrient 
cycling in the natural environment. For this reason, the understandings of phosphorus 
interactions in natural environments are often used to better understand and model the 
nutrient removal process in wastewater treatment. Excess phosphorus entering sensitive 
natural environments affects the balance and natural cycle of P (transient uptake of P by 
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soils and sediments) and to avoid eutrophication (growth of aquatic microorganisms such 
as algae (van Loon and Duffy, 2000)) there must be stringent limits on effluent P. 
To protect pristine environments from eutrophication, wastewater effluent 
regulations are moving to lower levels. Treated effluent often flows directly into 
sensitive environments, therefore regulation for allowable loading rates are determined 
based on the receiving water body and the volume of effluent (Sedlak, 1991). 
Regulations in North America and around the world require total phosphorus (TP) in 
effluents to be less than 0.1 mg P/L (Takacs et al., 2006a). The District of Colombia 
Water and Sewage Authority (DCWASA) Advanced Wastewater Treatment Plant in 
Washington, DC strives for dissolved orthophosphate concentrations around 0.01 mg P/L 
to ensure they meet the regulations on total phosphorus (Murthy et al., 2005). This 
treatment plant is the largest of its kind in the world and performs chemically mediated 
phosphorus removal with ferric iron to reach these low effluent concentrations. 
However, effluent regulations could be moving lower, down to 10 and 50 u.g/L (total 
phosphorus) in sensitive receiving water areas of the United States (Neethling et al., 
2007). In order to reach these low effluent regulations, the treatment process for 
phosphorus removal needs to be optimized. The analytical methods for laboratory 
analysis of phosphate, specifically low levels of orthophosphate, need to be tested and 
optimized to work towards achieving optimal phosphorus removal during wastewater 
treatment. 
Currently, the accepted method (Standard Method 4500-P.) for orthophosphate 
determination (Standard Methods. 1998) is designed for samples in the range of 0.01 to 
0.25 mg P/L (orthophosphate). This colorimetric method involves adding a colour-
forming reagent to a sample containing phosphate and measuring the absorbance of the 
coloured sample after a set colour development time. Theoretically, the same method can 
be used with a longer path length for absorbance (as long as 1 m) to measure samples 
with lower orthophosphate concentrations (as low as 0.0001 mg P/L). Testing this theory 
and optimizing the method for low level analysis is still needed. Furthermore, there is a 
demand for low level analysis in wastewater effluents and natural aquatic environments 
as phosphorus concentrations are regulated at lower and lower levels. 
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An additional limitation to low level orthophosphate analysis is the error 
associated with filtration of samples containing iron and phosphate. Soluble 
orthophosphate determination is operationally defined as filtration through a 0.45 |im 
filter to separate the dissolved and particulate fractions. This conventional definition of 
dissolved does not consider the colloidal fraction of samples containing iron that can clog 
a membrane filter (Morrison and Benoit, 2001). Colloidal particles range in size from 1 
nm to 1 urn and iron oxyhydroxides can be classified as inorganic colloids (Morrison and 
Benoit, 2001). The iron particles that interact to removal phosphorus are on the order of 
50 nm, as determined from SEM and TEM images (Smith et al., 2008a), will theoretically 
pass through the 450 nm pores of a membrane filter. However, aggregation of the iron 
particles on the surface of the filter can clog the pores and reduce the phosphate passing 
through the filter to be measured as dissolved. 
Synthetic samples of phosphorus and iron were prepared in ultra-pure water to 
study chemically mediated phosphorus removal in the lab. In these special systems 
filtration through a 0.45 urn filter shows volume dependence with respect to 
orthophosphate in the filtrate. The cause of this volume dependence was likely the iron 
colloids that are found aggregating on the surface of the filter. To reduce the error 
associated with filtration of the synthetic samples, different filters will be examined for 
effective dissolved particulate separations. With an appropriate protocol for filtration and 
an optimized method for low level orthophosphate determination laboratory studies 
focusing on the mechanism of chemical P removal can be performed. 
Research is still needed on understanding chemically mediated phosphorus 
removal in more complex matrices of the natural environment and wastewater streams. 
Specifically, the interaction of other anions and cations to the phosphorus removal 
process are not well studied. Cations, such as calcium and magnesium are present in both 
natural systems and wastewater environments and are known to form precipitates with 
phosphate under specific conditions (Jenkins et al., 1971; WEF, 1998). Performing 
experiments which incorporate these cations in the removal process on a lab scale is of 
primary importance. Additionally, the current equilibrium based models for chemical 
phosphorus removal need to be updated to include the effects of variable water chemistry. 
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Further understanding chemically mediated phosphorus removal on a molecular 
level and in terms of kinetics (rate of removal) is needed in order to model chemical P 
removal within the entire wastewater treatment process. The rate of phosphorus removal 
in an important consideration from both an engineering and a modeling perspective. The 
rate of removal is thought to be variable depending on conditions such as metal dose and 
mixing. There are limited temporal studies on the rate of removal (kinetics), as previous 
work has focused on equilibrium systems. Currently, the software Bio Win™ provides 
full plant modeling capabilities to assist treatment plant designers and operators. 
However, chemical phosphorus removal is calculated in BioWin based on semi-empirical 
models and not mechanistic models (Takacs et al. 2006a). An equilibrium based model 
for chemical P removal, the Surface Complexation Model (SCM) is a mechanistic based 
model that more accurately defines phosphorus iron interactions in chemical P removal. 
The surface complexation model (SCM) proposed by Smith et al. (2008a) 
(described in section 2.4.3.2) uses a more realistic approach to model chemical 
phosphorus removal by considering the surface reactions that take place on the hydrous 
ferric oxide. The SCM identifies mixing as a potential key factor in modeling this 
process. Refining this model must quantitatively take mixing intensity into account. A 
significant gap in chemical phosphorus removal research and therefore modeling is an 
understanding of the combined effect of some of these key variables. Iron dose, pH, 
mixing intensity and water chemistry, for example, are known to be significant factors in 
chemical phosphorus removal and have been individually studied. By better 
understanding the combined effect of the keys factors in this process a more complete 
understanding of the process and an improved model can be created. 
1.1 Research Goals and Objectives 
There is a need to protect sensitive environments, through effective nutrient 
removal in the wastewater treatment process. To do this, a detailed understanding of 
chemically mediated phosphorus removal is needed in order to optimize and model the 
process. To study chemically mediated phosphorus removal in the laboratory requires 
that the analytical methods be accurate and reliable, specifically for low level phosphorus 
analysis. The goals of this research project are therefore to optimize the Standard 
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Method for low level orthophosphate determination and minimize the interference of 
filter clogging artifacts by designing a filtration protocol acceptable for dissolved 
particulate separation. With the analytical methods for low level orthophosphate 
measurements optimized, experiments to test key factors affecting chemically mediated 
phosphorus removal can be designed. These experiments will systematically consider 
key variables needed to move forward in terms of understanding and modeling the 
process. The main objectives are to identify the research areas that require more attention 
due to their significant effect on the removal process, and gain insight into improving the 
model for nutrient removal. 
1.2 Research Questions 
To satisfy the objectives outline in section 1.1a few detailed research questions are 
presented: 
1. In an effort to measure increasingly lower levels of phosphorus, can the Standard 
Method for orthophosphate determination be optimized for longer path lengths to 
determine levels as low as 0.1 ugP/L? 
2. To minimize the error associated with dissolved particulate separations two 
important questions arise: 
a. How significant are filter clogging artifacts for different sample types? 
b. Can we design a reproducible protocol to correct for the artifacts? 
3. To improve the understanding of chemically mediated phosphorus removal from a 
modeling perspective. Previous research indicates iron dose, mixing intensity, 
solution pH and water hardness are factors that affect the removal process, but 
have not been systematically studied. 
a. How and to what extent do these factors affect chemical phosphorus 
removal? 
b. What is the combined effect of these factors on chemical phosphorus 
removal? 
The research goals and answers to these questions will be addressed in the thesis project 
presented in the subsequent chapters. 
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1.3 Thesis Organization 
The objectives and research questions will be addressed in Chapters 4, 5 and 6, 
each written as a manuscript for publication. Relevant background material pertaining to 
the thesis project is reviewed in Chapter 2. Chapter 3 gives an overview of the 
methodology used throughout the thesis project with a focus on experimental details 
common to the three main projects (addressed in chapters 4 to 6), with more detailed 
methods sections included in each chapter. Chapter 4 focuses on optimizing the standard 
method for low level orthophosphate determination. Chapter 5, also address the 
analytical issues associated with low level determination, by examining a filtration 
protocol suitable for dissolved particulate separations that minimize the error associated 
with filter clogging artifacts. Chapter 6 addresses the third and final project of this thesis, 
by outlining the experimental design that considers key factors poorly understood in 
terms of the chemically mediated phosphorus removal process. Chapter 7 summarizes 
the thesis by unify the three main projects and outlining areas for future work. 
Appendices contain supplemental material to expand understanding all aspects of this 
project. 
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Chapter 2 
Literature Review 
2.1 Introduction 
Phosphorus in natural and wastewater environments exists in different forms 
(species) as will be discussed in section 2.2. The interactions between phosphorus and 
metal oxide surfaces are similar in soils and in wastewater where metal salts are added to 
remove soluble phosphorus. In the natural environment P interacts with metal oxide 
surfaces in soils and sediments to be transported and cycled through aquatic systems. 
Some types of phosphorus interactions possible in natural aquatic environment resemble 
those occurring in engineered systems used to understand chemical phosphorus removal 
in wastewater treatment. The following sections examine P in more detail, specifically 
how P is classified and analyzed (section 2.2) and how it is removed during the 
wastewater treatment process (sections 2.3 and 2.4). 
2.2 P Species and Analysis 
Phosphorus can exist in many forms, as illustrated in Figure 2-1. The sum of all 
the species (all forms) is referred to as total phosphorus (TP). 
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Figure 2-1: Examples of dissolved and particulate species of phosphorus (Maher and Woo, 
1998) 
The breakdown of P species shown in Figure 2-1 shows dissolved and particulate P 
species. Dissolved species includes orthophosphates, inorganic condensed phosphates 
(polyphosphates) such as pyrophosphates, tripolyphosphates and trimetaphosphates and 
organic phosphates such as sugar phosphates, phospholipids and nucleotides (Maher and 
Woo, 1998; Sedlak, 1991). The sources of these phosphorus species vary from fertilizers 
(orthophosphates) to cleaning products (condensed phosphate) and from the breakdown 
of organic material such as bacterial cells (organic phosphorus) (Neethling et al., 2007; 
Maher and Woo, 1998). 
In natural systems and in wastewater, particulate and soluble phosphorus forms 
are also present. Particulate phosphorus can be the product of weathered material, 
incorporated into plant, animal or bacterial material or direct precipitation of inorganic 
phosphorus. Insoluble phosphorus is found adsorbed to particles or incorporated into 
amorphous and crystalline material. Additionally, soils and sediments contain P bound to 
iron or aluminum (Maher and Woo, 1998; Richardson, 1985; Spivakov, 1999). Struvite 
(MgNH4PC>4 -6H20) and Vivianite (Fe(PC>4)2 -8H20) are two examples of specific 
minerals containing phosphorus. Polyphosphate accumulating organisms (PAOs) are 
used in wastewater treatment to hydrolyze and store poly-P and orthophosphate under 
anaerobic and aerobic conditions respectively (Mino et al., 1998). 
The P species outlined in Figure 2-1 can be grouped into four operationally 
defined fractions shown in Figure 2-2. 
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Figure 2-2: Operationally defined phosphorus fractions defined in natural waters (Maher 
and Woo, 1998) 
Figure 2-2 shows four generalized fractions which can be grouped under 'filtered' and 
'non-filtered' fractions. Since TP incorporates all fractions, it is typically used for 
wastewater effluent regulations. However, filterable reactive phosphorus (FRP) and total 
filterable phosphorus (TFP) are thought to be better indicators for algal growth rates since 
they are the fractions available for consumption (bioavailability) (Bradford and Peters, 
1987). 
Orthophosphate fits into the FRP fraction outlined in Figure 2-2. Orthophosphates 
are the most frequently found soluble form and are also referred to as reactive phosphorus 
(Spivakov, 1999). Phosphoric acid is a triprotic acid with pKa values of 2.13, 7.21 and 
12.02. Based on the pKa values, the dominant forms of orthophosphate (H3PO4) at 
circumneutral pH are H2PO4" and HPO42" (pKa values from NIST, 2001). Reactive 
phosphorus forms are analyzed using colorimetric methods. Acid hydrolysis converts 
dissolved and particulate condensed phosphate forms to orthophosphate. Organically 
bound phosphates require digestion to remove the organic matter before being converted 
to orthophosphate, for colorimetric determinations (Standard Methods 4500- P). 
Orthophosphate is the focus of this study because it is the predominant form of P in 
wastewater and being the most reactive form it is most readily removed in the chemical 
phosphorus removal process (Murthy et al., 2005). 
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2.2.1 Colorimetric P Determination 
Colorimetric phosphorus determination can measure orthophosphate in a water 
sample. All phosphorus forms (Figure 2-2) are converted by pre-treatment to 
orthophosphate for analysis. Thus, all phosphorus speciation analysis is dependent on the 
quality of orthophosphate determination. The concentration of phosphate in the water is 
determined by spectrophotometric methods according to Beer's law. According to Beer's 
law, the measured absorbance (A) of a coloured complex is proportional to the 
concentration (c) of orthophosphate as shown in Equation (1). 
A = cst (1) 
Where 
8 = molar absorptivity (M"1 cm"1) 
I = path length (cm) 
c concentration of a substance in a sample (M) 
The coloured complex is formed by combining phosphoric acid with ammonium 
molybdate. The complex is then reduced with either ascorbic acid or stannous chloride in 
the presence of potassium antimonyl tartrate (Spivakov et al., 1999). The reduction of 
phosphomolybdic acid forms molybdenum blue whose absorbance can be measured at 
650 nm or 880 nm (Standard Methods, 1998). 
Performing the method involves adding accurate volumes of reagents to a sample 
containing phosphorus then allowing the colour to develop before measuring the 
absorbance with a spectrometer. There are a number of colorimetric methods acceptable 
for orthophosphate determination. Standard Methods (1998) and the Environmental 
Protection Agency (EPA, 1978) outline methods for manual determination of phosphorus 
and the use of an auto-sampler with various reducing agents. For example, the stannous 
chloride method, vanadomolybdophosphoric acid method, and ascorbic acid method can 
all be used for colorimetric orthophosphate determination. Stannous chloride method is 
thought to be the most sensitive of the methods. Standard Methods (1998) reports the 
minimum detectable concentration for the stannous chloride (4500-P. D.) method is 
3 u.gP/L compared to 10 jxg P/L for the ascorbic acid method (4500-P.E.). All of these 
methods were designed for path lengths of absorbance between 1 and 5 cm. 
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The time allotted for full color development varies between methodologies (EPA 
method 365.3; Standard Methods, 1998; Towns, 1986), and there is some debate as to 
whether absorbance must be measured within a specific timeframe before the coloured 
complex becomes unstable, or whether there is a specific time after which the color 
should be fully developed and stable (Towns, 1986). 
Presently, Standard Methods (Standard Methods, 1998) suggest a path length up 
to 5 cm can be used for the ascorbic acid method to measure concentration ranging from 
0.01 to 0.25 mg P/L. Compared to a 1 cm cuvette, the use of a 10 cm or 1 m light path 
can measure concentrations 10 and 100 times lower according to Beer's Law (Equation ( 
(28))). However, poor calibration and noisy data, from previous work, indicate the 
existing methods cannot be directly applied to low level orthophosphate measurements. 
To comply with updated regulations, the standard phosphorus analysis method needs to 
be optimized for low level analysis. 
2.2.2 Separating Dissolved and Particulate 
Analysis of orthophosphate involves filtration through a 0.45 um filter to separate 
dissolved from particulate fractions. The dissolved fraction is defined as anything that 
cannot be removed by filtration, which is the fraction of interest to measure 
orthophosphate. Since the definition of dissolved is dependent on the filter technology 
there are numerous filtration factors to consider. 
The traditional, operational definition of dissolved only specifies pore size but 
more needs to be considered with filtration (and therefore the definition of "dissolved"). 
Other parameters such as diameter of the filter, volume of sample processed, amount of 
suspended sediment, and type of filter will all affect the definition of dissolved 
(Horowitz, 1992). According to Horowitz et al. (1992), these factors are of concern when 
"dissolved" concentrations of Fe, and Al are being studied. The implications for 
phosphorus have not been explored. 
2.2.2.1 Filtration Issues 
The term "filtration artifacts" is used to describe the effect of a build up of 
colloids and colloidally associated material. The colloids are generally less than 450 nm 
in size, but the build up of material blocks the pores of the filter. A build-up of colloidal 
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hydrous ferric oxide (HFO) on the filter will aid in removing phosphorus from the sample 
during the filtration step. Phosphate associated with those colloids initially passing 
through the membrane will be interpreted as soluble phosphate. Although the particles 
are nanometer size (approximately 50 nm as determined from SEM images (Smith et al., 
2008a)), a "mat" of these particles could block the 450 nm pores. Layers of HFO 
colloids on the surface of the filter continue to bind P to reduce the amount passing 
through the filter. 
Inconsistencies in filtration affect many areas of study. For example, Horowitz et 
al., (1992) studied the effect of filtration on dissolved trace element concentrations in 
natural systems. Particularly, their concern was with the errors introduced by filtration 
on the seasonal trend of dissolved trace elements. The winter season is characteristic of 
low suspended sediment and the spring and summer have higher coarse sediment 
concentration, which can cause inconsistencies in dissolved trace element concentrations 
as a result of filtering these samples. Moreover, environmental studies often compare 
dissolved trace element data from a variety of sources such as local, national and global 
data and therefore require a more uniform definition of "dissolved" (Horowitz et al., 
1996). Horowitz et al. (1996) comment that it is unlikely correction factors can be 
developed to eliminate the effect of filtration artifacts, but the effects could be reduced. 
Using large surface areas filters or performing pretreatments such as preliminary 
filtration or centrifugation could reduce the effect of filtration artifacts (Horowitz et al., 
1996). 
2.2.2.2 Alternative Methods of Separation 
Separation of particulate solids from liquids through filtration involves passing 
the suspension through a permeable filter such as a membrane filter. Gravitational forces 
are the driving forces in most cases, but are often not enough to overcome the resistance 
associated with passing the sample through porous material (Raichenko et al., 1969). 
Syringe filtration physically forces the sample through the filter but is not the only 
method to separate the dissolved fraction. Suction filtration, such as vacuum filtration, 
act to pull the filtrate through the filter. The use of centrifugal forces through 
centrifuging the sample can also be used to separate dissolved and particulate samples. 
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Variations of the traditional membrane filtration have also been studied in an effort to 
reduce membrane clogging. 
Hollow-fiber filters, commonly used in biotechnology, have been used to separate 
lake water with high particulate content. This technique is beneficial to ensure 
unchanging lake water composition with filtration and is gentle on fragile organisms 
(Jiittner et al., 1997). Tangential flow ultrafiltration (Morrison and Benoit, 2004) and 
electrofiltration using cross-flow filtration (Lin et al., 2007) minimize solid membrane 
contact to reduce clogging. Tangential flow ultrafiltration (TFU) is used for fractionation 
of colloids however, the exact size separation is poorly defined. Morrison and Benoit 
(2004) improved TFU size separation by combining TFU with membrane filtration for 
more actuate size separations. The compromise was that separations of natural water 
samples still showed some inconsistency in aluminum, iron and organic content in the 
filtrate when large colloids were present (Morrison and Benoit, 2004). Electrofiltration 
makes use of electrostatic forces to resist particles from interacting on the membrane 
surface. Lin et al. (2007) report that with increased electrostatic field strength applied to 
the filter membrane, the removal efficiency of naturally occurring colloids is increased. 
These techniques are beneficial for size separation and fractionation of colloids. 
However, for quick and easy on site sample filtration, to be used by plant operators, the 
ease and speed of syringe filtration is preferred. 
2.2.2.3 Filtration Variables 
Syringe filtration is the method of choice for researchers and wastewater 
engineers due to the ease of use and efficiency in dealing with large numbers of samples. 
Due to the widespread use of syringe filtration, filters come in a variety of types and 
sizes. The standard pore size for separating dissolved and particulate fractions is 
0.45 urn, but other factors to consider include the diameter and thickness of the filter. 
The two basic types of membrane filters are sieve and tortuous path. Sieve 
membrane filters are extremely thin (10-15 ^m thick) and as a result, only trap particles 
on the surface of the filter. Tortuous path membrane filters are thicker (100-150nm 
thick) and sponge-like and are therefore able to trap particles within the filter as well as 
on the surface (Horowitz, 1992). Tortuous path filters, such as Millipore and Sartorius 
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filters are available in 0.45 ^m pore size, and the sieve filters, such as Nuclepore and 
Poretics filters are 0.40 \xm which is the real pore size, not woven like the tortuous path 
filters (Horowitz, 1992). Filter diameters range in size from 13 mm to as large as 142 
mm. The large filter diameters are designed to filter larger sample volumes and are more 
expensive than the smaller diameter filters. 
In addition to the type of membrane, the flow rate of the sample across the 
membrane can affect filtration results. According to Leppard (1992), the flow rate for 
filtration can provoke colloid aggregation. By reducing the flow rate in a series of 
experiments, filter-provoked aggregates should be reduced (in size and frequency) 
whereas natural aggregates will be unaffected. 
In summary, many filtration variables need to be considered when dealing with 
samples containing iron or aluminum, since colloids can aggregate on the filter surface 
and phosphorus can associate with colloids. The key variables to consider are filter type 
and diameter, and the flow rate across the membrane. 
2.3 P Removal during Wastewater Treatment 
An overview of the wastewater treatment process is discussed below and shown 
in Figure 2-3. This is a general overview of how most plants operate, however there are 
many variations and the treatment process can differ from plant to plant. A preliminary 
treatment is usually done to remove the large grit and solids so they do not damage the 
mechanical equipment down the line. Primary treatment or primary clarification (labeled 
as "primaries" in Figure 2-3) is done by allowing large particles and organic matter to 
settle and move to the sludge digesters as well as removing scum from the surface. 
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Figure 2-3: Wastewater treatment schematic (Takacs et al., 2006a). Influent water is 
treated in the primaries before aeration in the secondary stage. Nitrification is part of the 
final treatment stage before the effluent is released to the environment. 
Secondary treatment (see Figure 2-3) involves aeration forming an activated sludge 
(Hammer and Hammer, 2001). The activated sludge is biologically active, making use of 
small organisms working to disinfect the water. Sludge from the primary and secondary 
treatment passes though a sludge treatment before being taken to landfill. Tertiary 
treatment (shown as nitrification stage in Figure 2-3), also referred to as advanced 
treatment, is a broad term for any treatment following the traditional primary and 
secondary treatments (Hammer and Hammer, 2001). The final step is a disinfection stage 
before the treated effluent is released. 
Phosphorus removal in wastewater treatment facilities involves chemical and 
biological treatment. Orthophosphates are removed from wastewater by forming 
precipitates with metal salt (chemical phosphorus removal), whereas polyphosphates 
(condensed phosphates) are removed through biological uptake by bacteria such as 
Accumulibacter (biological phosphorus removal) (Neethling et al., 2007, Spivakov, 
1999). More details of the biological and chemical phosphorus removal process are 
discussed in the following sections. 
2.3.1 Biological Phosphorus Removal 
Biological phosphorus removal involves aerobic and anaerobic growth of 
bacterial populations capable of storing large amounts of phosphorus as polyphosphates 
(Sedlak, 1991). Typically, biological removal can achieve total phosphorus (TP) levels 
less than 1 mg P/L but chemical phosphorus removal is more stable and needed to meet 
more stringent regulations (Neethling et al., 2007). Often a plant will use chemical 
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phosphorus removal or a combination of biological and chemical phosphorus removal to 
meet low level regulations. Start up costs for biological P removal systems are higher 
than chemical P systems, however operation and maintenance costs are lower (de Haas, 
2000). A disadvantage of the biological nutrient removal system is the sensitivity of the 
organisms and therefore lack of reliability (de Haas, 2000). For this reason, many plants 
opt to use chemical phosphorus removal or supplement biological P removal with 
chemical P removal (de Haas, 2000). 
2.3.2 Chemical Phosphorus Removal 
Chemical phosphorus removal involves the addition of metal salts, which 
precipitate the soluble phosphates to be removed with the sludge. Metal salts that are 
added to precipitate the phosphate are typically calcium in the form of lime (Ca(OH)2), 
aluminum, as alum (Al2(S04)3l8H20) or sodium aluminate (NaAlC^) or iron salts 
(Sedlak, 1991). Some treatment plants add ferric chloride (FeCb) or ferric sulphate 
(Fe2(SC<4)3) while others add the ferrous form which is assumed to rapidly oxidize to the 
ferric form. The ferric (Fe3+) form is thought to be the active form in removal, with the 
mechanism being a surface complex on hydrous ferric oxide (HFO). Freshly precipitated 
HFO are nanometer in size, and therefore have a large surface area for sorbing phosphate 
(Blaney et al., 2007). The ferrous form (Fe2+) is very soluble but in an oxidizing 
environment will transform to the ferric form (Fe3+) which is insoluble at circumneutral 
pH. Leckie and Stumm (1970) suggest this method of removal is better than adding Fe3+ 
directly, as P can be taken up inside the hydrous ferric oxide structure as it oxidizes. 
Similar interactions are observed in the natural aquatic environments where Fe(III) 
(oxidized form) forms surface complexes with P, but the reduced form (Fe(II)) releases P 
(Richardson, 1985). The ferrous forms typically added during wastewater treatment are 
ferrous sulphate (Fe(SCM), ferrous chloride (FeCy or pickle liquor, a waste product of 
the steel industry in the form of Fe(S04) (Sedlak, 1991). 
Research has been done on the effectiveness of various iron (or aluminum) 
containing materials for the removal of phosphate. Work by Elliot et al. (2002) looked at 
water treatment residuals (Al-WTR, Fe-WTR and Ca-WTR), Oguz et al. (2003) studied 
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gas concrete waste (2003) as well as blast furnace slag (2004), and Altundogan and 
Tumen (2001) used Bauxite, a raw material for alumina production. 
The treatment process varies depending on the facility; therefore the metal salt 
dosing point for chemical phosphorus removal is not the same for each plant. The point 
of addition is determined by considering operation and the maintenance costs, the size of 
the facility, the degree of phosphorus removal required, and the reliability of the chemical 
supply (Sedlak, 1991). The metal salt can be dosed in either the primary or secondary 
stage of treatment, or dosed in both primary treatment and secondary treatment. Dosing 
the metal salt in three locations is also done at larger treatment plants to ensure low 
effluent P is achieved. Typically, the triple dosing method involves addition of the metal 
salt at each stage of the treatment (primary, secondary and tertiary). The metal salt 
addition during tertiary treatment has a significant cost increase compared to the other 
dosing points, but may be required to meet strict water quality standards (Sedlak, 1991). 
Moreover, the use of many dosing points or the addition of high doses of iron, results in 
increased sludge production contributing to the total cost of treatment. 
Although the chemical P removal systems are able to achieve very low effluent 
levels, the disadvantages of high chemical costs and the need for solid separation 
facilities (de Haas, 2000) force operators to look at combining biological and chemical 
phosphorus removal. However, more research on each process and how the processes 
occur simultaneously is still needed. Preliminary findings on the combined process show 
that smaller to moderate chemical doses do not interfere with the biological processes of 
biological P removal (de Haas, 2000). The conflict between the two processes is largely 
that the organisms in the biological process require a minimum level of available 
nutrients to survive, so if the chemical process precipitates too much phosphorus, 
productivity in the biological process may be slowed (Murthy et al., 2005). 
2.4 Mechanism of P Removal 
Although chemical phosphorus removal is widely used, the mechanism of 
removal is poorly understood. Without knowledge of the mechanistic details for 
phosphorus removal, the required metal dose is determined experimentally and often 
results in overdosing the metal salt. To consistently and reliably meet the wastewater 
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regulations through efficient and cost effective means requires a detailed understanding 
and model for chemically mediated phosphorus removal. The coagulation reactions 
which remove soluble phosphorus are only partially understood, but seem to be a 
combination of adsorption and co-precipitation of phosphate and the metal cation 
(Hammer and Hammer, 2001; Smith et al., 2008a). The solid phase formations are 
thought to be very similar to those occurring in natural systems, such as the formation of 
ferric hydroxyl phosphate and surface complexation (Stumm and Morgan, 1970; deHaas 
et al., 2001). Many studies (Gunnars et al., 2002; Zanini, 1998; Richardson, 1985; 
Holliday and Gartner, 2007; Smeck, 1985; Froelich, 1988) have focused on phosphate 
binding with solids and minerals in natural systems and are often used as a starting point 
to better understand the interactions in a wastewater environment. The complex nature of 
the wastewater and the variable composition at each stage of treatment also needs to be 
considered in the mechanism of removal. There are numerous factors to consider such as 
the metal salt used, the amount of phosphorus in the influent, pH, alkalinity, mixing at 
dosing point, kinetic factors, and other colloidal material in the water. Iron is the metal 
salt that is the focus of this research due to its widespread use and effectiveness in P 
removal. Fe(III) is readily available and inexpensive, and the hydrated Fe(III) oxide 
(HFO) is chemically stable over a wide pH range. The current P removal methods using 
iron are effective but they need to be better understood in order to be optimized. 
2.4.1 Rates of Removal 
The mechanism of phosphorus removal with hydrous ferric oxides (HFO) is 
thought to be a combination of adsorption and surface precipitation. Szabo et al. (2008) 
describe an initial rapid removal, due to co-precipitation, followed by a slower removal 
process where the mechanism of removal is primarily adsorption (see Figure 2-4). 
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Figure 2-4: Kinetic of phosphorus removal. Initial rapid P removal (low residual soluble P) 
is due to co-precipitation (Szabo et al., 2008) 
The International Union of Pure and Applied Chemistry (Research Triangle Park, North 
Carolina) (IUPAC) definition of co-precipitation is used here to avoid confusion in 
terminology. According to IUPAC the definition of co-precipitation is "the simultaneous 
precipitation of a normally soluble component with a macrocomponent from the same 
solution by the formation of mixed crystals, by adsorption, occlusion or mechanical 
entrapment" (McNaught and Wilkinson, 1997). The definition of Rapid, "instantaneous" 
removal occurs within the first minute of adding iron salts to a solution containing 
phosphate and the removal continues for hours or days (>100 hours in Figure 2-4) (Szabo 
et al., 2008). It is believed that the kinetics of the removal process are greatly affected by 
factors such as the Fe/P ratio, and mixing intensity. Aside from knowing there is initial 
rapid removal followed by slower processes, the kinetics have not been fully described. 
Determining rate constants is fundamental to understanding and being able to model the 
kinetic process. Kinetic studies have been done in other areas of wastewater treatment 
and even the removal of phosphorus by struvite precipitation. Rahaman et al. (2008) and 
Quintana et al., (2005) reviewed previous research as well as their findings on fitting a 
first order kinetic model for struvite precipitation. Their research was in agreement with 
others that the reactions fit a first order model, however kinetic constants appear to be 
higher in real wastewater compared to synthetic liquor. Also, they found that reaction 
rate constants change with mixing intensity (Rahaman et al., 2008). 
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2.4.2 Adsorption and Surface Complexation 
The removal of phosphorus by metal salts is believed to be a combination of co-
precipitation and absorption. The adsorption of anions to hydroxilated surfaces is termed 
surface complexation (Altundogan and Tumen, 2001). Inner and outer sphere surface 
complexes form based on the degree of surface protonation or dissociation as shown in 
the following symbolic reaction: 
=SOH(s) + H+(aq) <-• =SOH2+(s) (2) 
=SOH ( s )^=SO- ( s ) + H+(aq) (3) 
(Altundogan and Tumen, 2001) 
sS is the mineral surface (=Fe in this case). When the surface is positively charged 
anions such as PO43" can adsorb creating outer-sphere or inner-sphere complexes as is the 
case with orthophosphate to hydoxylated mineral surfaces. Inner-sphere complexes form 
as chemical bonds, whereas outer-sphere complexes are the result of iron pairs between 
the cation and surface groups (Stumm, 1992). The inner-sphere complexes explaining 
phosphate adsorption can be further classified as binding in a mondentate or bidentate 
fashion (see Figure 2-5). 
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Figure 2-5: Formation of monodentate and bidentate inner sphere complexes between 
phosphate and HFO (adapted from: Blaney et al., 2007) 
Monodentate binding of phosphate to iron hydroxide surface involves a single bond, 
whereas the stronger bidentate binding forms two covalent bonds. The binding of 
phosphate to the HFO is through the oxygen atom such that the bonding arrangement is 
Fe-O-P, resulting from the phosphate oxygen replacing hydroxyl oxygen 
(Li and Stanforth, 2000). It is still unknown which binding, mono- or bidentate, 
predominates. 
Geelhoed et al. (1997) describe adsorption modeling in the Charge Distribution and 
Multi-Site Complexation (CD-MUSIC) model of Hiemstra and Van Riemsdijk (1996) 
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where both bidentate and monodentate surface complex formation of P are considered. 
The following set of equations shows the reactions for protonatation and formation of 
inner sphere complexes with phosphate on goethite with singly (FeOH1/2_) and triply 
(Fe301/2_) coordinated surfaces. FesO means the surface reactive oxygen is shared (bound 
to) by three Fe atoms with the oxide surface. 
FeOH1/2_ + H+ «-» FeOH21/2+ (4) 
Fe3OH1/2 + H+ «-» Fe3OH1/2+ (5) 
2FeOH1/2" + 2H+ + P043" «-• Fe^QjPCfe*20 + 2H20 (6) 
2FeOH1/2_ + 3H+ + P043" ++ FezC^POOH" + 2H20 (7) 
FeOH1/2 + H+ + P043" «-» FeOPOs'2172"' + H20 (8) 
The protonation of the singly and triply coordinated surface groups is shown in Equations 
(4) and (5). Phosphate adsorption in a bidentate fashion is shown in Equations (6) and 
(7) and in a monodentate fashion in Equation (8). The Surface Complexation Model for 
chemical phosphorus removal developed by Smith et al. (2008a) assumes similar binding 
sites as discussed in section 2.4.3.3. 
2.4.3 Modeling Chemical Phosphorus Removal 
To improve the understanding of chemically mediated phosphorus removal in 
terms of mechanistic details, a few models have been developed that consider phosphorus 
removal on a molecular level. A semi-empirical model created by the Water 
Environment Federation (WEF, 1998) was recalibrated in Takacs et al. (2006a) and a 
Surface Complexation Model (SCM) has been developed by Smith et al. (2008a) which 
builds on the chemical equilibrium reactions in the WEF model to include surface 
reactions on mineral oxides. 
2.4.3.1 WEF Model 
The WEF model is based on equilibrium reactions for the formation of iron 
hydroxide and iron phosphate precipitates to predict phosphorus removal from 
wastewater using aluminum and iron salts. Residual orthophosphate concentrations are 
calculated based on the iron dose as a function of pH (Smith et al., 2008a; WEF, 1998). 
To calculate residual soluble orthophosphate, the concentration of phosphorus and metal-
phosphate complexes are determined and added according to Equation (9) (WEF, 1998) 
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CP res = [H3PO4] + [H2PCV] + [HPO42-] + [P043-] + [MeH2P042+] (9) 
where Cp
 res is total residual soluble orthophosphate 
The concentration of each of the five species in Equation (9), can be determined from the 
equilibrium reactions. The reactions with iron (Fe3+) and the associated equilibrium 
constants as reported in WEF (1998) are shown in the following system of equations. 
Fe3+ + 3H20 «-» Fe(OH)3(s) 
1.6Fe3+ + H2PO4" + 3.80FT <-> Fei
 6(H2P04)(OH)3 8(s) 
Fe3+ + H2PO4- <-• FeH2P042+ 
pKFeOH=-0.5 
pKs = 67.1 
pKFeP=-21.3 
pK, =2.1 
pK2= 7.2 
pK3 = 12.3 
(10) 
(11) 
(12) 
(13) 
(14) 
(15) 
H3PO4 ^ H+ H2P04~ 
H2P04 ~^H+ + HPO42" 
HPO42" ^  H+ + P043" 
The concentration of the metal species ([Me +]) is needed to calculate the concentration 
of the five species in Equation (9). The equilibrium constant, pKFeoH, from Equation (10) 
is used to determine [Fe3+]. 
log[Fe3+] = pKFe0H-3pH (16) 
The phosphate species can be calculated from solubility product of metal phosphate (pKs) 
and the acid dissociate values (pKj, pK2, and pK3). 
log[H2P04'] = -pKs - 1.61og[Fe3+] + 3.8(pKw-pH) (17) 
log[H3P04] = log[H2P041 - pH + pK, (18) 
log[HP042"] = log[H2P04-] + pH - pK2 (19) 
log[P043_] = log[HP042'] + pH - pK3 (20) 
log[FeH2P042+] = log[Fe3+] + log[H2P04-] + PKFeP (21) 
With the concentration of each of the five species determined from Equations (16) to (21) 
total residual orthophosphate concentration can be calculated according to Equation (9). 
In addition to predicting residual orthophosphate, the model can be used to 
determine the required metal dose by assuming the ratio of metal dose to soluble 
orthophosphate removed is approximately equal to the overall precipitate concentrations. 
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This assumption is valid since the residual metal dose is negligible (WEF, 1998). The 
theoretical curves generated from calculating residual orthophosphate are shown in 
Figure 2-6 along with the recalibration WEF model presented by Takacs et al. (2006a). 
The WEF model provides a narrow pH range at which low phosphate concentrations can 
be achieved. The lowest soluble phosphate concentration predicted by the model is 35 |xg 
P/L, which is only achievable between pH of 6.8 and 7.1 (Takacs et al., 2006a). 
Experience at treatment plants indicated that very low levels (0.01 mg P/L OP and lower) 
are frequently reached, and also indicate that a wider optimal pH range exists (Takacs, et 
al., 2006a). By re-evaluating and empirically calibrating some of the chemical equilibria 
and constants used in the original WEF model, such as the solubility and dissociation 
constants, the enhanced WEF model was created by Takacs et al., (2006a). The two 
WEF models are shown in Figure 2-6 where the broader pH range of removal determined 
by the enhanced (re-calibrated) model is clear. 
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Figure 2-6: WEF model (dashed line) compared to the recalibrated (enhanced) model (solid 
line) (Takacs, et al., 2006a) 
The recalibrated model achieves a closer approximation of the removal process with 
Fe(III), and shows lower achievable phosphate concentrations over a wider pH range. 
This model was compared with plant data to best predict effluent phosphate 
concentrations. The new calibrated model shows optimal removal between pH 6.2-7 and 
•- - min(data) 
» •» WEF model 
— calibrated WEF model, 
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predicts a minimum orthophosphate concentration of 7 u.g P/L at pH 6.5 (Takacs et al., 
2006a). 
2.4.3.2 Geochemical Background for SCM 
The WEF model provides a good foundation for modeling chemical phosphorus 
removal in wastewater however; it does not consider any of the surface reactions that are 
involved in phosphorus removal using iron. Additionally, a ferric phosphate (FePC>4(S)) 
species is assumed to precipitate in the WEF model but does not form above pH 3.5 
under normal dosing conditions (Takacs et al„ 2006b). To improve the model for 
chemical phosphorus removal, the mechanism of removal involving surface reactions on 
precipitated hydrous ferric oxides needs to be considered. Studies on these precipitates 
and other iron oxides, give insight into the complex mechanism of phosphorus removal. 
Hydrous ferric oxides (HFO) are formed from the rapid hydrolysis of ferric iron 
solutions, such as the addition of ferric chloride to wastewater. This solid is amorphous 
and is similar to the natural iron oxide ferrihydrite (Dzombak and Morel, 1990). The 
exact structure of HFO is unknown and usually described by the general formula 
Fe203«H20 with n values between 1 and 3. The average density is 3.5 g/cm3. Under 
conditions of high pH (>10) and high temperatures, HFO may eventually transform to a 
crystalline form such as goethite (a-FeOOH) (Dzombak and Morel, 1990; Lijklema, 
1980). 
Goethite is a crystalline iron oxide found in soils and sediments, which binds 
phosphate, in natural systems, through adsorption. It is often used in adsorption studies 
since it is stable and relatively easy to synthesize (Li and Stanforth, 2000; Daou et al., 
2007). Phosphate binding to the surface of goethite is widely studied (Tribe and Barja, 
2004; Li and Stanforth, 2000; Rietra et al., 2001; Geelhoed et al., 1997; Mikutta et al., 
2006) and is useful since hydrous ferric oxide (HFO) has a similar chemical short range 
structure, although amorphous compared to the crystalline goethite (Smith and Ferris, 
2001). As a crystal, goethite can be studied in ways amorphous HFO cannot, such as for 
surface charge or surface site calculations used in the CD-MUSIC model (Geelhoed et 
al., 1997). 
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2.4.3.3 Surface Complexation Model 
Modeling the surface complexation reaction of phosphate on HFO is a two step 
process. The first step is to determine the amount of HFO precipitate then consider the 
amount of phosphate bound to the surface of the HFO. Modeling the surface 
complexation is based on the active phosphate binding sites. These are the oxygen atoms 
available for binding. Assuming that the amorphous HFO has a similar binding 
arrangement to the crystalline goethite, as discussed in Section 2.4.3.2, the oxygen atoms 
for binding are singly (FeO), doubly (Fe20) or triply (FesO) coordinated to the iron atoms 
(Geelhoed et al., 1997). Since the doubly coordinated surface groups do not react in the 
normal pH range (Geelhoed et al., 1997), only the singly (site 1) and triply coordinated 
groups (site 2) are considered in the surface complexation model. The key modeling 
parameter is called the active site factor (ASF) and represents the oxygen groups 
available to bind with phosphate. The active site factor is thought to be a function of the 
amount iron in the system, the pH, the mixing intensity (G) and the age of the floes as 
shown in Equation (22). 
ASF = f(G, pH, dose, age of floes) (22) 
The upper limit for the ASF, although not realistically achievable, is 6 (see Figure 
2-7: Iron hexahydrate). 
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Figure 2-7: Iron hexahydrate 
This means there are 6 oxygen atoms per 
iron atom available for binding (Smith et 
al., 2008a). The more realistic value for 
a well mixed system was determined by 
Smith et al. (2008a) to be 1.18 or 0.31 
for a poorly mixed system since the 
HFO floe becomes larger and denser 
with age and poor mixing. 
These values for the ASF were determined empirically. For the system being modeled 
the ASF is fixed (modeling parameter). The ASF relates the available binding sites to the 
total iron in the HFO precipitate where 
SlT = S2T = ASFx(FeT inHFO) (23) 
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SIT and S2T represent the total surface sites for singly and doubly coordinated oxygen 
atoms respectively. 
An application of the surface complexation model is shown in Figure 2-8, where 
laboratory data from jar tests is compared to the SCM predicted residual P. The inputs 
into the SCM are iron dose (expressed as molar dose in Figure 2-8), solution pH and the 
ASF value (1.18 for the data in Figure 2-8). 
molar dose ° 2
 p H 
Figure 2-8: 3D plot showing the fraction of initial phosphorus remaining after removal with 
iron versus the molar dose of iron and final pH of the solution. The black dots are data and 
the open circles are model calculated fractions of P removed. The interpolated surface 
corresponds to the open circle model data to better illustrate the trends (Smith et al., 2008b) 
In Figure 2-8, the measured phosphorus (expressed as fraction removed) is shown in 
black dots, and the model predicted P removal is shown in open circles. The interpolated 
surface corresponds to the open circle model points to better illustrate the trends. The 
lowest orthophosphate concentration predicted by the SCM is 5u.g/L for a well mixed 
system (Smith et al., 2008a). 
The WEF model, recalibrated WEF model, and the surface complexation model 
are all able to describe the chemical phosphorus removal process to a certain extent. 
Even with improvements to each model, there are key processes that are not adequately 
accounted for in the model. For example, the kinetics (rates of removal) are not 
represented since the three models discussed here are equilibrium based. Kinetic 
processes are not easily modeled, however. In a model of activated sludge developed by 
Briggs (1996) (as cited in deHaas et al., 2001) kinetics were incorporated as a variable, 
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however the precipitation reactions are still based on equilibrium and are therefore 
assume to be completely precipitated from the start (deHaas et al., 2001). 
A summary of the models for chemical phosphorus removal discussed in the 
previous sections is given in Table 2-1. 
Table 2-1: Comparison of three models for chemical phosphorus removal with iron 
Model Basis Lowest Assumptions 
achievable P 
WEF Predict residual OP as function of 35 ug P/L . FeP04(S) 
pH between precipitation 
pH 6.8-7.1 • Fixed residual 
concentrations 
Enhanced Incorporates pH calculation to 7 ug P/L • Ideal mixing 
WEF determine ions in solution (optimal pH • Instantaneous 
range 6.2-7) reactions 
SCM • Models surface reactions on 5 ug P/L (lowest Instantaneous 
HFO as mechanism of P P pH 4 -6) reactions 
removal. 
• Modeling parameter, ASF, 
allows mixing and age of floes 
to be considered as well. 
Table 2-1 summarizes the models in terms of their basis, such that the WEF model is the 
most basic of the three, able to predict residual orthophosphate as a function of pH and 
the enchanced WEF model builds on this by incorporating equilibrium pH calculations. 
The surface complexation model is the most sophisticated of the three models since it 
considers surface reactions on hydrous ferric oxide to more accurately describe the 
mechanism of P removal with iron. For each of the three models the lowest predicted P 
concentration is given, and it is clear as the models improve, minimum predicted P moves 
lower and the optimal range of removal becomes broader, more closely simulating 
experience at treatment plants. The last column in Table 2-1 summarizes some of the 
assumptions each of the models make. 
From examining the existing models, it is clear there are key factors necessary for 
modeling the processes of chemical phosphorus removal. For example the pH 
dependence and dose dependence are recognized in all the models. Additionally, the 
limitations of the models indicate variables or factors that need more research before 
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being incorporated into the model. Mixing, for example, has been identified as a key 
factor by many researchers (Smith et al., 2008a; Szabo et al., 2008; Takacs et al., 2006b) 
and is potentially incorporated into the surface complexation model through use of the 
active site factors (Equation (22)). However, the models currently assume ideal mixing 
to theoretically determine values for ASF (Szabo et al., 2008; Smith et al., 2008a). 
Mixing intensity still needs to be better accounted for in chemical phosphorus modeling. 
Another factor that is thought to be significant to the process and is not considered in any 
of the models discussed here is the effect of water chemistry. Various cations and anions, 
such as calcium, magnesium, organic matter and sulphates for example, are present in 
wastewater and also interact with phosphorus in natural environments. A discussion of 
some of the potentially significant constituents in wastewater (and natural environments) 
is presented in section 2.4.7. 
2.4.4 Dose Dependence on P Removal 
Metal dose is a main factor influencing chemical phosphorus removal (Szabo et 
al., 2008; Takacs et al., 2006a). The metal dose is often referred to in terms of the molar 
ratio of metal to phosphorus (Me/P). Generally, a higher metal dose results in lower 
residual phosphate (in terms of soluble orthophosphate) (Szabo et al., 2008). According 
to Szabo et al. (2008) ratios of 1.5-2 Me/P (molar metal dose to initial P concentration) 
are needed to achieve 80 to 98% removal when initial P concentrations are around 0.5 to 
0.6 mg P/L and even higher doses are needed to reach residual levels below 0.1 mg P/L. 
To get down to residual P concentrations of 0.01 mg P/L, excess metal dose is needed. 
Szabo et al. (2008) used a Me/P ratio up to 5.0 in their tap water samples to reach these 
low levels. At the District of Columbia Water and Sewage Authority (DCWASA) 
treatment plant, iron is dosed at 8 mg Fe/L which is a Me/P ratio of 3.5 (Murthy et al., 
2005). With their system of multiple dosing points, this iron dose achieves effluent 
orthophosphate concentration around 0.01 mg P/L (from ~1 mg P/L as orthophosphate) 
The modeling with respect to dose dependence is better considered in the SCM 
than the WEF model (both models were discussed in section 2.4.3). In the WEF model, 
varying Me/P ratios are not considered. Moreover, the hydrous ferric phosphate 
precipitate is assumed to be in equilibrium with the solution which is not realistic since 
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this precipitate will only form at acidic pH (Smith et al., 2008b). The SCM considers 
varying dose as well as initial phosphorus concentration which the WEF model did not 
do. 
2.4.5 Effects of pH on P Removal 
The study of phosphorus and chemically mediated phosphorus removal, should 
consider a range of pH values since the chemical species in the system change with pH. 
According to the WEF model the pH of optimal removal is between 6.5 and 7.3 
(discussed in section 2.4.3.1). The SCM, with more realistic equilibrium chemistry, 
indicates good removal (down to 1% of input P) is possible between pH 4-6 where 
hydrous ferric phosphate species predominate (Smith et al., 2008a). This is in agreement 
with laboratory scale data as well. Determining different ranges for optimal P removal 
depends on what species and factors are considered. For example, the SCM considers 
more chemical species involved in the P removal process than the WEF model and this 
contributes to the variability in determining the optimal pH. 
In the whole scheme of water treatment, a delicate balance of optimal pH values 
is needed since different processes may have different optimal ranges. For example, 
biological P removal has slightly higher optimal pH than chemical P removal. The 
optimal pH range for biological P removal is around 6.8-8 (deHaas, 2000a). Treatment 
plants typically operate near neutral pH, but have shown that achieving low effluent P is 
possible over a range of pH. Plant data from two different treatment plants shows 
effluent soluble P concentration less than 0.05 mg P/L are possible from pH 6 to 7.5 
(Szabo et al., 2008). Outside of this neutral pH range where the minimum residual P can 
be achieved, the equilibrium chemistry for complex formation and proton competition for 
binding sites on the oxide surface limits P removal. At low pH soluble phosphate 
complexes form, and metal hydroxide precipitation is limited. On the other end, at high 
pH, metal hydroxides form but interactions with phosphate are poor near the point of zero 
charge of the metal oxide. High pH may allow for P removal with calcium and 
magnesium, which is further discussed in section 2.4.7.1. 
The pH of zero proton charge for HFO is also something to consider in 
determining an optimal pH of removal. Above the point of zero net charge adsorption is 
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reduced due to electrostatic repulsion (negative solid and negatively charged phosphate) 
(Daou et al., 2007), however, adsorption interactions are present since the covalent bond 
between phosphate and the HFO surface forms inner sphere complexes as opposed to 
outer sphere interactions which are directly pH dependent. These surface electrostatic 
interactions will also play a significant role in the binding of other anions and cations to 
the surface of HFO. For HFO, the pHzpc is 7.9 to 8.2 (Dzombak and Morel, 1990), 
however this value can decrease as phosphate is adsorbed to the surface. Li and Stanforth 
(2000) describe this decrease in pHzpc for goethite (pHzpc 7.2 to 9.7) as phosphate is 
bound to the surface, since phosphate hydroxyl groups are more acidic than the surface 
hydroxyl groups on goethite. Approaching the pHzpc will also affect floe formation, 
which is a consideration in the treatment process since efficient P removal requires P to 
associate with particles, but also that those particles can be separated from solution. 
2.4.6 Effect of Mixing on Iron Phosphorus Interactions 
Mixing is a significant factor for phosphorus interactions both in wastewater 
treatment and the natural environment. P loading, related to eutrophication, varies 
between lakes largely due to mixing in the body of water along with other factors, such as 
water temperature and sediment biochemistry (Carpenter and Lathrop, 2008). In terms of 
phosphorus removal efficiency, mixing along with reaction times and age of floes are key 
factors studied in laboratory and modeling studies (Szabo et al., 2008). As was described 
in section 2.4.3.2 on the surface complexation model, the key modeling parameter, the 
active site factor, is a function of how well the system is mixed. A well mixed system 
will have a high ASF value and therefore better phosphorus removal than a poorly mixed 
system. Szabo et al. (2008) performed laboratory jar tests varying mixing and observed a 
relationship between mixing intensity (G) and residual soluble P. Figure 2-9 shows this 
relationship. 
30 
100 200 
G value [1/s] 
300 400 
Figure 2-9: Effect of G (mixing intensity) on phosphorus removal (Szabo et al., 2008) 
Szabo et al. (2008) also show an equation, shown in Figure 2-9, that fits the relationship 
between residual soluble P and mixing intensity (G). In a well mixed system, 300 s"1 for 
example, the equation in Figure 2-9, predicts residual soluble phosphate to be -0.1 mg 
P/L, and for a poorly mixed system, -20 s"1 residual P is expected to be -0.7 mg P/L. 
Mixing also plays a major role in floe formation with respect to hydrous ferric oxides that 
interact with phosphate. 
2.4.6.1 Floe Formation and Age 
The size and shape of the HFO floes plays a significant role in the phosphate 
interactions. As the HFO floe ages it becomes denser and the sorption capacity 
decreases. The decrease in sorption sites begins within minutes of the floe forming, such 
that the sorption capacity is decreased by 25% when the floe is aged for 30 minutes 
(Szabo et al., 2008) and only half the sorption capacity remains after aging for one day 
(Lijklema, 1980). 
1 day 4 days 2 years 
Figure 2-10: TEM and SEM images of HFO after 1 day, 4 days and 2 years of aging (Smith 
et al., 2008a). 
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Figure 2-10 show the HFO floe growing larger and denser with age. After 2 years of 
aging the floe is beginning to show crystallization. 
In addition to the iron colloids changing with age, adsorption of phosphate alters 
the colloid formation. Magnuson et al. (2001) used sedimentation field flow fractionation 
with multiangle laser light scattering detection to compare iron-phosphate colloids to 
iron-hydroxide colloids (no phosphate scenario). Since hydroxyl ions are smaller than 
phosphate ions, iron colloids formed in the absence of phosphate are denser than iron-
phosphate colloids. Moreover, phosphate may interfere with the iron oxide particle 
growth. 
2.4.7 Water Chemistry 
To continue expanding the model for chemical phosphorus removal, experiments 
to investigate the effects of more complex water chemistries are needed. Particularly 
focusing on constituents of wastewater that are present at the metal salt dosing point and 
that would interact with phosphorus or iron. Due to the consistent presence of calcium, 
magnesium and organic matter both in wastewater and natural systems, and their ability 
to form complexes with both phosphorus and iron, these factors need to be considered in 
expanding the SCM. Despite research and experimentation on the effect of calcium and 
magnesium on the precipitation of phosphorus, the mechanism of the effect is poorly 
understood. 
2.4.7.1 Calcium and Magnesium 
The effect of calcium on chemical phosphorus removal could be beneficial for 
achieving low effluent concentrations since phosphate precipitation with lime is a method 
of chemical P removal along with Al and Fe. Due to the high lime dose required (1.5 
times the total alkalinity of the solution) for P removal with calcium, this metal salt is less 
commonly used. Moreover, significant removal is only achieved at high pH (>10) (WEF, 
1998). The calcium phosphate precipitates that form include tricalcium phosphate 
(Ca3(P04)2), hydroxyapatite (Ca5(OH)(P04)2), dicalcium phosphate (CaHP04) and 
calcium carbonate (CaCOs) (WEF, 1998). It is believed to be the hydroxyapatite 
precipitation that removes the bulk of the phosphate; however, it is also in competition 
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with calcium carbonate precipitation (Jenkins et al., 1971). Alternatively, soluble 
calcium phosphate species can also form. Many of the soluble calcium phosphate species 
form from polyphosphates at high pH (Jenkins et al., 1971). The breakdown of 
polyphosphates to orthophosphates (process is called reversion) is affected by pH, 
temperature and cations such as calcium (Lytle and Snoeyink, 2002). 
More research on the effects of calcium on phosphorus precipitation has 
continued to show that the presence of calcium will aid in P removal under the right 
conditions. Diamadopoulos and Benedek (1984) studied the effect of precipitating 
phosphorus with calcium when no other coagulants were added and also in the presence 
of an aluminum coagulant (the aluminum coagulant would be expected to behave 
similarly to an iron coagulant). The results showed that the addition of the coagulant 
lowered the pH to a range where phosphorus was released into solution along with 
calcium. A study done by Carlsson et al. (1997) also showed redissolution of P and Ca is 
pH dependent, but also affected by the P concentration. They also concluded that 
calcium phosphate precipitation only occurs at sufficiently high concentrations of both 
calcium and phosphate. Alternatively, Hsu (1973) found when a small amount of 
calcium (2 mmol/L) was added to the chemical precipitation process with aluminum or 
iron a broader pH range of optimal removal could be achieved. Small amount of calcium 
may aid in P removal by affecting aluminum or iron floe morphology (Fettig et al., 1990). 
According to Rietra et al. (2001) the adsorption of Ca2+ on goethite is limited to 
pH values near or above the pHpzc. It was also found that in a system of phosphate, 
calcium and goethite, more calcium is adsorbed with low goethite concentrations where 
there is more phosphate bound to the surface (compared to higher goethite 
concentration). With more P bound to the surface of the precipitate, a decrease in 
repulsive potential is achieved since PO43" makes the surface more negative for positive 
Ca2+to bind (Rietra et al., 2007). Fettig et al. (1990) found similar results where below 
pH 5 a mixed phosphate, Fe(III) and calcium precipitate forms, and above pH 6.8 
calcium phosphate alone precipitates (when ortho-P concentrations are greater than 0.5 
mol/L). For wastewater treatment this indicates the presence of calcium could aid in 
achieving lower residual phosphorus in the effluent. 
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Magnesium in wastewater can precipitate phosphate as struvite 
(MgEflSUPO^F^O) when ammonium ions are also present (WEF, 1998). The 
precipitation of struvite.is regarded as a problem in the anaerobic stage of wastewater 
treatment since it clogs the pipes (Rahaman et al., 2008). However, these 'problems' are 
also considered for recovery of phosphorus through struvite crystallization. This form of 
P removal is advantageous since it reduced sludge volumes compared to P precipitation 
with aluminum and iron salts (Quintana et al., 2005). 
The presence of magnesium also affects calcium phosphate precipitations. 
Jenkins et al. (1971) reported that in the presence of magnesium, beta-tricalcium 
phosphate will precipitate instead of apatite. Also, according to Peng et al. (2007) 
magnesium and organic acids may inhibit Ca-P precipitation. 
The effects of water hardness (i.e. the presence of calcium and magnesium) on P 
removal systems cannot be generalized. The literature reviewed is inconsistent where 
some researchers report calcium may improve phosphorus removal and some say it may 
decrease removal. Small changes in calcium, magnesium and pH will affect precipitation 
(nucleation) formation and therefore, the residual phosphate level achieved (Jenkins et 
al., 1971). Additionally, water hardness levels can vary tremendously based on location 
(Waterloo Region is known to have very hard water). More research is still needed on 
the effects of water hardness under specific conditions characteristic of wastewater 
treatment. Moreover, combined effects of pH, metal salt dose, mixing at the dosing 
point, and water hardness need to be investigated simultaneously. 
2.4.7.2 Organic Matter 
Organic matter affects P interactions in both wastewater and natural systems. 
Experiments done on municipal wastewater by Szabo et al. (2008) found that organic 
matter significantly influences P removal efficiency. More specifically, high chemical 
oxygen demand (COD) and total suspended solids (TSS) (both indirect measures of 
organic matter content) in the water result in higher residual P levels than when low COD 
and TSS are present. These trends are shown in Figure 2-11. 
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Figure 2-11: Residual soluble P concentration in terms of raw wastewater COD. Four 
different Fe dosed: initial P molar ratios are shown (Szabo et al., 2008). 
For the experiments performed at high COD (and therefore high organic matter 
concentrations) less efficient P removal is observed (high residual soluble P) compared to 
water with lower COD. Szabo et al. (2008) have only observed this phenomenon but 
have not separated the effects from COD and TSS. With the knowledge of organic 
matter interferences, metal salts are added during wastewater treatment at the outlet of the 
aeration, to reduce these interferences. 
Studies have been done on the effect of organic matter to metal P interactions 
using organic matter-like compounds. Kreller (2000) used tannic acid as a surrogate for 
organic matter and found it blocked the bidentate binding of orthophosphate to colloid 
surfaces. Moreover, it has been suggested that natural organic matter (NOM) may act as 
a complexing agent to alter Fe particles (Lytle and Snoeyink, 2002), or that is competes 
with P for binding sites on FIFO (Mikutta et al., 2006). Research by Togesayi et al. 
(2008) does not reject these ideas, but suggests pH changes make organic matter interact 
differently. Togesayi et al. (2008) specifically studied the adsorption of fulvic acid and 
phosphate on Fe203. Their findings show that fulvic acid displaced phosphate from 
surface sites on Fe203 at pH 5.30 and 6.30 but at pH 8.30 fulvic acids and phosphate both 
adsorbed to the surface. This trend is observed with pH since at lower pH, FA" forms 
stronger bonds (stronger base) than H2PO4" or HPO42" but at high pH (>8) the high charge 
density from HPO42" or PO43" compete with FA" for adsorption on the surface, and may 
bind to the phosphate instead of the iron oxide surface (Togesayi et al., 2008). At the pH 
of wastewater (~7), the presence of fulvic acid may reduce the amount of phosphorus 
bound by the HFO. 
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In addition to direct competition, humic acid can interfere with P removal by 
stabilizing particles to reduce P adsorption. In a study on phosphate precipitation with 
aluminum, Fettig et al. (1990) found that the interference of humus causes increased 
particle stability and therefore additional metal dose was required for particle 
destabilization to bind P. Fettig et al. (1990) also found that the effect was more 
pronounced in hard water (high calcium and magnesium concentrations). Since P 
removal with iron follows a very similar mechanism to aluminum, it can be assumed that 
a similar interaction is observed when iron is used as the metal salt. 
From this overview, it can be seen that organic matter needs to be considered in 
phosphorus interactions. As with calcium and magnesium, a generalization of the 
organic matter impacts cannot be made. To be complete on future P removal studies, 
organic matter from various sources, at various concentrations and pH's needs to be 
considered. Experiments performed with organic matter are not done in this thesis. 
The literature review has provided the background necessary to reach objectives 
of the thesis project. Ultimately a better understanding of chemically mediated 
phosphorus removal is desired in order to reduce the impacts of eutrophication on pristine 
environments. From the review of the literature and previous experiments, it is clear 
there are analytical issues to overcome related to orthophosphate measurements. This 
thesis project, will first address optimizing the standard method for low level 
orthophosphate determination, and designing a filtration protocol to reduce inconsistency 
in filtering the synthetic samples used to mimic chemically mediated phosphorus removal 
in the lab. Finally, a better understanding of the removal process including iron dosing, 
solution pH, mixing intensity and water hardness will provide insight to improve the 
model for chemically mediated phosphorus removal. 
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Chapter 3 
Methodology 
3.1 Introduction 
Accurate and reliable methods are essential for testing and analysis. Standard 
Methods (1998) outline colorimetric orthophosphate determination and suggests 0.45 |xm 
pore size filters for separating dissolved and particulate fractions. For this project, an 
optimized method for low level orthophosphate determination is developed. 
Additionally, a filtration protocol that outlines more than simply pore size is needed, as 
the colloidal iron used in these studies affects filtration by blocking the pores of the filter. 
Developing a method for low-level orthophosphate determination and a filtration protocol 
are presented in Chapters 4 and 5, respectively. This Chapter outlines the methodology, 
used throughout the project, in detail. Only the final methods and protocols are presented 
here since the details of the method developments can be found in subsequent chapters. 
3.2 Synthetic Sample Preparation 
All experiments were performed in an analytical laboratory. All glassware and 
containers were acid washed in 10% nitric acid solution overnight. All standards and 
samples were prepared with ultra pure water (Milli-Q, 18MQ). All chemicals were 
analytical grade or better. 
Synthetic lab samples containing phosphorus and iron were prepared in one of 
two ways. One approach was to add stock phosphate solution and stock iron solution in a 
volumetric flask and dilute with Milli-Q water. The second approach, used in Chapter 6, 
was to prepare synthetic fresh water spiked with phosphate in a volumetric flask, then 
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transfer to a beaker where iron was dosed while the solution was mixed with a propeller 
mixer. The stock phosphate solution (1000 mg P/L) was prepared from tribasic sodium 
phosphate (Fischer Scientific, New Jersey, USA) and stored in a high density 
polypropylene container in the fridge (~4°C). Dilutions of the stock were prepared daily 
to minimize the error due to sorption of P to the container walls. 1 mg P/L was used for 
all synthetic lab samples. 
Stock iron solutions were prepared from FeCl3-6H20 (Fluka, Switzerland) and 
stored in a high density polypropylene container at 4°C. 10 mg Fe/L or 5 mg Fe/L were 
added to 1 mg P/L phosphate solution (Fe:P molar ratio of 5.5 or 2.5). The pH of the 
samples was adjusted with 0.1 M NaOH (Sigma Aldrich, St. Louis, MO, USA) or H2S04 
(concentrations up to 0.2M, 95-98% pure, Sigma Aldrich, St. Louis, MO, USA ). The 
prepared sample of phosphate and iron were mixed for 24 hours, since this is considered 
the time to reach equilibrium (Li and Stanforth, 2000). 
Mixing the sample was done one of two ways. One method was in a 
polypropylene container on an Eberbach reciprocal shaker (Eberbach 6000, USA). This 
method is rather aggressive and does not allow different mixing intensities to be tested. 
The alternative method of mixing is with a propeller mixer. This top down approach to 
mixing more closely resembles the mixing in a treatment plant. The three bladed 
propeller was attached to a motor (Talboys Instruments Corp., Bodine Motor, model 102) 
which was attached to a variable autotransformer (Power Stat 3PN116B) to adjust the 
speed of rotation. RPM measurements were determined manually and used to calculate 
mixing intensity (G). The mean velocity gradient (G) was calculated following equation 
by Camp and Stein (1943), Equation (24). 
where P is power dissipated in the water, V is the volume of the suspension and u is the 
dynamic viscosity. The calculation for P is adapted from Svarovsky (2000) and shown as 
an expanded expression for mean velocity gradient in Equation (25). 
G = J D p V " '- (25) 
\ 2Vju 
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In this expression (Equation (25)), CD is a drag coefficient, Ap is the projected area of the 
paddles, p is density, and (Vp-V) is the relative velocity between the paddle (Vp) and the 
fluid. CD is assumed to be 1.2 (based on the length to width ratio of the paddle 
(Svarosky, 2000)) and viscosity and density of pure water were used (detailed 
calculations are shown in the Appendix). 
pH Measurement and Control 
For many experiments, pH was adjusted manually with the addition of sodium 
hydroxide or hydrochloric acid. The pH was measured on a TANANGER Scientific 
Systems Inc. dual pH meter and titrimeter (model 9501) with Orion double junction 
reference electrode (90-20) and pH electrode (8003) from Thermo Electron Corporation, 
USA). The reported pH is the pH after equilibration (24 hours of mixing). For the 
experiments detailed in Chapter 6, pH was held constant for the full duration of each 
experiment. pH was controlled with pH stat using the Tanager pH unit connected to a 
computer as well as a buret. A schematic for the set up is shown in Figure 3-1. 
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Figure 3-1: Schematic for pH controlled experiments. 
The buret could hold either acid or base (not both). 0.1 M NaOH or 0.2 M H2S04 were 
used with the buret depending on the desired pH. The software was developed to run in 
DOS and is designed to add acid or base from the buret to maintain a desired pH. Inputs 
into the program include volume of the sample, type of acid or base, concentration of 
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OPTION 1 BURET 1 
PH STAT PARAMETER 
TIME FRAME (sec) 
RESPONSE (sec) 
PRECISION (pH) 
REPLICATES 
TITRANT 
CONCENTRATION (M) 
CONSTANT VALUE (pH) 
MAXIMUM ADDITION (ml) 
INITIAL ADDITION (ml) 
TYPE (A,B,M+, M-) 
TOTAL BURET VOLUME 
(ml) 
MAXIMUM TITRANT 
ADDED (ml) 
REACTOR 1 
VALUE 
30,000 
2.00 
0.01 
4.000 
0.1 
8.000 
0.1 
0.005 
B 
NaOH 
25.00 
20.00 
# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
11 
12 
TASK (S,M) 
FILENAME 
DURATION [ 0] 
ELECTRODE 
CALIBRATION FILE 
BURCAL (STEPS/ml) 
UNITS (pH, mV) 
BURET VOLUME (ml) 
EVENT NUMBER 
READING (pH) 
DEVIATION (pH) 
TITRANT ADDED (ml) 
STATUS 
S 
One.clat 
1 
Z 
800 
pH 
13 
15 
16 
18 
19 
20 
1 I I I 
Figure 3-2: DOS window for pH stat set up. Required input values are in grey for a sample 
experiment. 
acid or base and various parameter inputs for how precise and how quickly pH should be 
adjusted or maintained. An example of the inputs is shown in Figure 3-2. For the sample 
experimental inputs illustrated in Figure 3-2, a constant pH of 8 was desired, and 0.1M of 
NaOH was in the buret to achieve this. For each experiment, pH, acid or base 
concentration and file name would differ. The other parameters (precision and replicates 
for example) dictate how fast, how often, or how much, titrant to add to maintain the pH. 
The decision to titrate with acid or base depends on the experiment. The pH would drift 
depending largely on the hardness of the water, but mixing, and dose of iron affected how 
the pH changed. Depending on the natural drift of the pH for the experimental conditions 
and the desired pH, either acid (0.2M H2SO4) or base (0.1M NaOH) were used as the 
titrant. 
The experiments performed with the pH stat were time sensitive, where the 
addition of iron signaled time zero and sub-samples were taken over a 24 hour period of 
40 
analysis. The addition of acidic iron caused the pH to drop and it was difficult for the pH 
stat to maintain the desired pH within the desired 0.1 range over the whole period. To 
accommodate this, manual adjustments were often performed for the first 30 minutes of 
the experiment to get and keep the pH at the desire level within 0.1 (i.e. 5.9 to 6.1). After 
the pH was more stable the stat was able to maintain the pH by adding acid or base over 
the 24 hour period. Occasionally, restarting the program was needed after manual 
adjustments were complete. 
3.2.1 Synthetic Fresh Water 
Synthetic fresh water was prepared following guidelines from Environment 
Canada (1990). Both synthetic hard water and soft water were prepared such that the 
hard water would have a final hardness between 160 and 180 mg/L as CaCOs and the soft 
water between 40-48 mg/L as CaCC>3. Sodium Bicarbonate, NaHCC»3 was obtained from 
EMD Chemicals Inc., Gibbstown, N.J. USA and calcium sulfate dehydrate, CaS04-2H20, 
magnesium sulfate heptahydrate, MgSCvTFbO and potassium chloride, KC1 were 
obtained from Sigma Aldrich, St. Louis Mo., USA. 1000 mg/L stocks solutions of each 
of the four reagents were prepared by dissolving appropriate quantities of the salt in 
Milli-Q water (18.2 MH, Milli-Q). Table 3-1 shows the concentrations of each salt used 
to obtain the desire water hardness. 
Table 3-1: Preparation of synthetic water of a desired hardness. Adapted from 
Environment Canada (1990) 
Water Type 
Soft (40-48 mg/L as 
CaC03) 
Hard (160-180 mg/L as 
CaC03) 
NaHCC-3 
(mg/L) 
48 
192 
CaS04 
(mg/L) 
30 
120 
MgS04 
(mg/L) 
30 
120 
KC1 
(mg/L) 
2 
8 
Appropriate volumes of each salt were added to a volumetric flask along with 1 mg P/L 
and diluted to the mark. 
3.3 Sampling Sites 
In addition to synthetic samples, natural samples were collected for analysis and 
to test the developed methods. Samples were collected near the effluent of a treatment 
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plant in Cambridge, Ontario, Canada. These natural samples were used to confirm the 
methods and protocols that were developed to ensure they hold true for natural water 
samples. The treatment plant is located in Preston, a division of Cambridge, Ontario, 
Canada, and has a variety of wastewater influent from industrial and residential areas 
nearby. Industrial inputs, including that from the nearby Toyota and Hostess plant force 
the plant to deal with a large organic load. For this reason, the maximum operating load 
is less than what the plant has been designed for. The maximum load with the high 
organic input is 16,820 m3/d (Earth Tech Canada Inc, 2007). The effluent is released 
through a storm ditch into the Grand River. Total phosphorus concentration in the 
effluent averages 0.7 mg P/L (Earth Tech Canada Inc., 2007). 
Sampling from this location was chosen because it is a treatment plant close to 
Wilfrid Laurier University and the near by park allows easy access to the effluent and 
Grand River. Samples were collected at three sites as shown in Figure 3-3. 
1 ,•£'«-* 
, -1 
i ^ H 
Preston Waste water .treatment plant B 
v 
V-v 
Figure 3-3: Preston Wastewater Treatment Plant in Cambridge Ontario Canada. Sampling 
sites are shown with black and white arrows. Image adapted from ©2009 Google. 
One sample was taken from the storm water ditch the effluent is released into, a second 
sample from the Grand River, upstream from where the effluent stream reaches the river 
and a third sample down stream from where the effluent stream meets the Grand River. 
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Additionally, samples of groundwater were obtained to test for matrix effects and 
confirm the methods developed for synthetic samples are applicable to natural samples as 
well. The groundwater samples were collected from shallow wells in the riparian zone of 
the Beverly Swamp, at the John Mount field site, near Valens, Ontario, Canada. The 
sample was collected by drawing water from the well into a plastic bottle with a 
peristaltic pump and silicone tubing. 
Raw wastewater influent is the final sample type used for analysis. Samples were 
obtained from a pilot treatment plant near New Hamburg, Ontario, Canada. The pilot 
plant branches off the New Hamburg Wastewater treatment plant in the Township of 
Wilmot, and is used for wastewater research purposes. 
3.4 Sample Collection 
Samples were collected in high density polypropylene containers cleaned with 
acid (10% nitric acid bath) and rinsed with Milli-Q water. The containers were rinsed 
three times with the sample water to be collected then filled and capped underwater to 
reduce the air headspace. pH and water temperature were recorded at the time of 
sampling using an Accumet® Portable Laboratory kit from Fisher Scientific (model: 
AP61. Mississauga, Ont., Canada). Samples were used immediately upon returning to 
the lab, with the remaining samples stored at 4°C for future reference. 
3.5 Filtration 
All samples, prepared in the lab or collected, were filtered before measuring the 
orthophosphate concentration. No filter pretreatments were performed as previous tests 
and work from Horowitz et al. (1996) and Hall et al. (1996) indicate there is no 
interference from filter material associated with the artifacts. Aside from testing various 
filters, as reported in Chapter 5, the filters used were a Whatman Millipore filter with 
pore size of 0.45 \im and diameter of 47 mm. The filters were housed in a reusable filter 
casing from Whatman-"pop-top and swin-lok". Samples were drawn into a syringe 
(50 mL or 20 mL sterile syringe from NORM-JECT®, Germany) and filtered with a 
syringe pump to control the flow rate. The set up for filtration is shown in Figure 3-4. 
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Syringe pump 
Lab-jack 
Syringe 
Membrane filter 
and holder 
Vial for filtrate 
Figure 3-4: Set up for filtration using a syringe pump. The syringe pump is mounted on 
the lab jack, with a clamp on a retort stand. The syringe is placed on the syringe pump and 
the sample is filtered into a vial for orthophosphate determination. 
The syringe pump (KD Scientific 100, USA) is mounted on a lab-jack with clamps for 
stability. The diameter of the syringe is programmed and calibrated for accurate volume 
outputs. Figure 3-3 shows the sample being filtered directly into the vial used for color-
development before analyzing the orthophosphate concentration. This reduced loss of P 
in transferring the sample. Additionally, the mixed reagent added to measure the amount 
of orthophosphate, contains acid which will ensure P sorption to the glassware is 
minimized. 
3.6 Sample Analysis 
3.6.1 Spectroscopic Determination of Orthophosphate 
Standard Methods (1998) outlines spectroscopic orthophosphate determination 
using ascorbic acid and stannous chloride as reducing agents. A comparison of the two 
methods is provided in Chapter 4. All other orthophosphate determinations are 
performed using ascorbic acid. For determination of orthophosphate at concentrations 
greater than 0.01 mg P/L Standard Method 4500 P.E is followed using a 1 cm path 
length. The following reagents are used. 
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Reagents 
a. Sulfuric acid, H2S04, 95-98% pure, Sigma Aldrich, St. Louis, MO, USA 
b. Potassium antimonyl tartrate, K(SbO)C4rL;06-/4H20, 99% pure, Sigma Aldrich, 
St. Louis, MO, USA 
c. Ammonium molybdate, (NFLt)6Mo7024-4H20, Fluka, Germany 
d. Ascorbic acid, 99% pure, Aldrich, St. Louis, MO, USA 
A 100 mL mixed reagent was prepared daily (stable for 4 hours) following the method 
(Standard Methods 4500 P.E). In a 100 mL volumetric flask, 50 mL 5N H2S04, 5 mL, 
potassium antimonyl tartrate and 15 mL ammonium molybdate were added and diluted to 
the mark with ascorbic acid. For samples with lower concentrations of orthophosphate 
(<0.01 mg P/L) a modified method was used with a 10 cm or 1 m light path. The 
development of this modified method is outlined in Chapter 4. The same mixed reagent 
is used for these measurements, however, less mixed reagent is added to the sample and 
the colour is allowed to develop for a longer period of time. Table 3-2 summarizes 
orthophosphate determination with various path lengths for different concentrations. 
Table 3-2: Summary of methods for different path lengths for orthophosphate 
determination 
Volume mixed reagent 
for 10 mL sample 
Colour development time 
Detection Limit (approx.) 
1 cm 
1.6 mL 
10 min 
(max. 30 min) 
0.01 mg P/L 
10 cm 
500^1 
1 to 1.5 hours 
0.001 mg P/L 
l m 
500 (al 
24 hours 
0.0001 mgP/L 
The volume, colour development time and detection limit outline in Table 3-2 for the 1 
cm path length are from the Standard Method 4500 P.E. The parameters for the 10 cm 
and 1 m path length are the result of the method development described in Chapter 4. 
Absorbance measurements were performed with an Ocean Optics (Sarasota, FL, 
USA) fiber optic spectrometer and the absorbance was measured at 650 nm. Light was 
passed from a tungsten halogen light source (Ocean Optics LS-1) through an optical fiber 
to a cuvette (1 cm or 10 cm) containing the sample. A second optical fiber transmitted 
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the light signal to the detector (Ocean Optics QE5000). The 1 m light path was obtained 
from World Precision Instrument Liquid Waveguide Capillary Cell (LWCC-2100, 
Sarasota, FL, USA), in which the sample was pumped by a syringe pump (KD Scientific 
100, USA). The 1 m light path had to be frequently flushed with water and cleaned with 
acid. Repeated measurements of just Milli-Q water were performed between samples to 
ensure signal stability (reproducible signal for Milli-Q water). The syringe pump was set 
to pump at speeds between 2 mL/hour up to 10 mL/hour; the signal was read after the 
sample had stopped pumping. A few minutes (up to 5 minutes) between stopping the 
pump and taking a reading were needed to ensure the sample is not moving within the 
tubing and the signal is at its maximum. The signal reading needs to be taken when the 
sample is not moving and due to the surface tension in the small capillary tubing the 
sample continues to move for a few minutes after the pump has been turned off. 
A calibration curve was prepared daily, including a blank sample (Milli-Q water 
and mixed reagent) and three or four calibration standards (0.1 mg P/L, 0.25 mg P/L, 0.5 
mg P/L and 1 mg P/L for a 1 cm calibration curve for example; 10 and 100 times lower 
for a 10 cm or 1 m calibration respectively). Calibration standards were measured three 
times, recording three signal readings each time. Sample signals were also recorded 
three times and the average of the signal was used to calculate P (in mg P/L). 
Signal readings were recorded in intensity and converted to absorbance following 
equation (27). 
A = -\og(j-) (27) 
o 
where A is absorbance, / is the intensity of the sample and h is the intensity of the blank. 
If multiple samples were being measured, multiple blanks were prepared, such that a new 
blank reading was taken between four or five samples. 
3.6.2 Atomic Adsorption Spectroscopy for Iron Determination 
Determination of iron was performed on a Perkin Elmer Atomic Absorption 
spectrometer (3100). The wavelength was set to 248.3 (a unique Fe analytical line). 
Calibration standards were prepared from the 1000 mg Fe/L stock solution. Standards 
and samples were acidified with a drop of concentrated nitric acid. Standards were 
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measured three times, recording three or four signal readings for manual calibration. Due 
to the volume of samples available, samples were only read once, recording multiple 
absorbance signals. Flushing with acidified Milli-Q water was performed between 
readings. 
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Chapter 4 
Chemically Mediated Phosphorus Removal: 
Optimization of Analytical Methods 
4.1 Introduction 
Eutrophication in natural systems is the result of excess nutrients (primarily 
phosphorus and nitrogen) reaching sensitive water bodies, often from treated wastewater 
effluent flowing directly into these environments. Regulations for allowable discharge 
levels are determined based on the volume of effluent and the sensitivity of the receiving 
water body. Currently, effluents are regulated by regions or municipalities, but the 
Canadian Council of Ministers of the Environment (CCME) are working towards 
developing a Canada-wide strategy for Municipal Wastewater Effluent (MWWE) 
(Marbek Resource Consultants, 2005). Regulations in certain jurisdictions in North 
America require total phosphorus (TP) in effluents to be less than 0.1 mg P/L which 
suggests orthophosphate levels need to be below 0.01 mg P/L (Takacs et al., 2006a). 
Effluent concentrations, as low as 10 and 50 u.g/L TP, are being considered in Florida and 
Washington State (Neethling et al., 2007). To ensure treatment plants are meeting these 
low effluent regulations, the analytical methods for measuring phosphorus need to be 
optimized for trace level phosphorus determination. 
Chemical phosphorus removal is achieved with the addition of metal (Fe and Al) 
salts, which precipitate, co-precipitate or adsorb the soluble phosphates to be removed 
with the sludge. Although chemical phosphorus removal is widely used, the mechanism 
of removal is poorly understood. Without knowledge of the mechanistic details for 
phosphorus removal, the required metal dose is difficult to determine and might result in 
overdosing the metal salt. The consequences of overdosing include a high cost of 
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chemicals and sludge processing. Recent publications by Smith et al. (2008a) and Szabo 
et al. (2008) introduce a Surface Complexation Model (SCM) to describe the phosphorus 
removal process with Fe(III). This chemical equilibrium based model is supported with 
laboratory data where simple abiotic samples containing phosphorus and iron are mixed 
for different times, filtered and residual phosphate is determined colorimetrically. The 
data in Smith et al. (2008a) provides good proof of concept that SCM methods can model 
chemically mediated phosphorus removal, but the measured data shows poor 
reproducibility. The noise is likely due to the analytical issues with the standard 
colorimetric method for phosphorus determination not being optimized for low level 
analysis. 
4.2 Phosphate Determination: Colorimetry 
In wastewater, orthophosphates make up the phosphorus species that are reactive 
(Spivakov et al., 1999). For phosphorus determination, all forms of phosphorus are 
converted by pre-treatment to orthophosphate for analysis via hydrolysis, oxidation or 
other methods (Spivakov et al., 1999). Thus, all phosphorus speciation analysis is 
dependent on the quality of orthophosphate determination. The concentration of 
phosphate in the water is determined by spectrophotometric methods. The measured 
absorbance (A) of a coloured complex is proportional to the concentration (c) of 
orthophosphate according to Beer's Law (Equation (28)). 
A= ebc (28) 
Where 
E = molar absorptivity (M^crn"1) 
b = path length (cm) 
c concentration of a substance in a sample (M) 
The coloured complex is formed by combining phosphoric acid with ammonium 
molybdate. The complex is then reduced with either ascorbic acid or stannous chloride in 
the presence of potassium antimonyl tartrate (Spivakov et al., 1999). The reduction of 
phosphomolybdic acid forms molybdenum blue whose absorbance can be measured 
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(Standard Methods, 1998). The reducing agent is the most significant difference between 
the two standard methods commonly used for phosphorus determination. 
One main concern is that the time allotted for full colour development varies 
between methodologies proposed for the ascorbic acid method (EPA Method 365.3; 
Standard Methods, 1998; Towns, 1986). There is some debate as to whether absorbance 
must be measured within a specific time frame before the coloured complex becomes 
unstable, or whether there is a specific time after which the colour should be fully 
developed and stable, if not indefinitely, then at least for an hour or two (Towns, 1986). 
In the work presented here, the two main colorimetric methods for phosphate 
determination, the ascorbic acid method and the stannous chloride method are optimized. 
Additionally, experiments are applied to low level phosphate concentrations for which 
there are limited previous studies. Presently, Standard Methods (Standard Methods, 
1998) suggest a path length up to 5 cm can be used for the ascorbic acid method to 
measure concentration ranging from 0.01 to 0.25 mg P/L. Concentration measurements 
10 and 100 times lower than with a 1 cm cuvette are possible with a 10 cm and 1 m light 
paths, respectively. However, potential poor calibration and noisy data indicate the 
existing methods cannot be directly applied to low level orthophosphate measurements. 
To comply with updated regulations, the standard phosphorus analysis method needs to 
be optimized for low level analysis. 
4.3 Experimental 
4.3.1 Principle of Colorimetric Phosphate Determination 
The two different colorimetric methods, used in this project for the determination 
of phosphate in wastewater, are the Standard Method using ascorbic acid (4500-P E.), 
and the Standard Method using stannous chloride (4500-P D.). A basic schematic of 
colorimetric phosphate determination for either method is outlined in Figure 4-1. 
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Figure 4-1: Schematic for coloured complex formation and measurement 
Both methods involved acidifying a sample containing phosphate, followed by 
adding potassium antimonyl tartrate and ammonium molybdate before being reduced. 
Depending on the method, the reduction is done by ascorbic acid or stannous chloride to 
form a molybdenum blue complex which is allowed to develop for a period of time 
before the absorbance is measured. 
4.3.2 Apparatus 
A Varian Cary 50 UV-Vis Spectrophotometer (Varian Canada, Mississauga, ON, 
Canada) was used for samples above 0.01 mg P/L with a 1 cm light path. Measurements 
using 10 cm and 1 m path lengths were done with an Ocean Optics (Sarasota, FL, USA) 
fiber optic spectrometer and the absorbance was measured at 650 nm. In the case of the 
10 cm light path, which has a detection limit of approximately 0.001 mg P/L, light was 
passed from a tungsten halogen light source (Ocean Optics LS-1) through an optical fiber 
to a 10 cm cuvette containing the sample. A second optical fiber transmitted the light 
signal to the detector (Ocean Optics QE5000). The 1 m light path was obtained from 
World Precision Instrument Liquid Waveguide Capillary Cell (LWCC-2100, Sarasota, 
FL, USA), in which the sample was pumped by a syringe pump (KD Scientific 100, 
USA). The 1 m light path has a detection limit of approximately 0.0001 mg P/L. 
51 
4.3.3 Reagents 
a. Sulfuric acid, H2S04, 95-98% pure, Sigma Aldrich, St. Louis, MO, USA 
b. Potassium antimonyl tartrate, KXSbCOC^CVVy^O, 99% pure, Sigma Aldrich, 
St. Louis, MO, USA 
c. Ammonium molybdate, (NH4)6Mo7024-4H20, Fluka, Germany 
d. Ascorbic acid, 99% pure, Aldrich, St. Louis, MO, USA 
e. Stannous chloride, SnCl2 -2H20, 98%, Sigma Aldrich, St. Louis, MO, USA 
f. Glycerol, Sigma Aldrich, St. Louis, MO, USA 
g. Stock phosphate solution for ascorbic acid method, 1000 mg P/L, Na3P04-12H20, 
Fischer Scientific, New Jersey, USA 
h. Stock phosphate solution for stannous chloride method, 50.0 mg P/L anhydrous 
KH2P04, 99% pure, Sigma, St. Louis, MO, USA 
All solutions were prepared with Milli-Q water (18.2MQ, Milli-Q) 
4.3.4 Procedure 
4.3.4.1 Ascorbic acid (4500-P. E.) 
In the ascorbic acid method, a mixed reagent was added to the standards and 
samples. The mixed reagent contained sulfuric acid, potassium antimonyl tartrate, 
ammonium molybdate and ascorbic acid. The volume of this mixed reagent suggested by 
the Standard Method was 1.6 mL per 10 mL sample and the colour development time of 
10 to 30 minutes. The absorbance of the coloured complex was measured at one of two 
points; 880 nm or 650 nm (corresponding to the peaks in the UV-Vis spectra of 
molybdenum blue (Standard Methods 4500-P E; EPA 365.3). 
4.3.4.2 Stannous Chloride Method (4500-P. D.) 
The stannous chloride reagent was prepared by dissolving stannous chloride in 
glycerol and heating in a water bath. The ammonium molybdate reagent and the 
stannous chloride reagent were thoroughly mixed. The samples, standards and reagents 
were held within 2°C of each other, between 20 and 30°C to keep the rate and intensity of 
colour development controlled. The absorbance was measured according to the Standard 
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Method between 10 and 12 minutes at 690 nm with 0.4 mL ammonium molybdate 
reagent and 1 drop of stannous chloride reagent for a 10 mL sample. 
4.3.4.3 Optimization of Standard Method 
To optimize the colorimetric method for phosphorus determination two variables 
were addressed, time for colour development and volume of colour forming reagent. 
These two variables were varied to optimize the absorbance of a fixed concentration of 
phosphate. The objective of the optimization was to maximize sensitivity as a function of 
time and volume. Altering one variable at a time to determine optimal conditions is a 
sequential "one-factor-at-a-time" approach (Morgan et al., 1974). This method has its 
limitations, as interactions between the factors are not taken into account. It also does not 
maximize efficiency, as do methods that alter multiple factors at a time. This project, 
therefore, made use of the experimental design outlined below rather than the traditional 
method. A heuristic design was used which involved solving a problem based on 
previous knowledge (Clancey, 1985). In this case, that meant that the experimentalist 
could use logic to choose new points to be measured based on the results from the ones 
already completed. 
This heuristic technique to determine which time and volume points to measure 
maximizes the efficiency of experiments, while identifying the optimal conditions, 
maximum absorbance in this case. The results obtained from optimization of the ascorbic 
acid method were compared to the optimization of the stannous chloride method to 
determine whether reproducible results can be obtained using both methods, or whether 
one is superior to the other in reproducibility, based on relative standard deviation. Once 
the methods were optimized, they were tested with natural water samples. For the 
stannous chloride method, the varied volume was of the mixed colour forming reagent. 
The reducing agent (stannous chloride) volume was fixed. 
4.4 Results and Discussion 
4.4.1 Optimization of Ascorbic Acid Method: 10 cm Light Path 
To optimize absorbance, and therefore sensitivity, of the ascorbic acid method, the 
volume of the mixed reagent and the colour development time were varied. 
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Figure 4-2: Contour plot of absorbance (A) and relative (%) standard deviation (B) by the 
ascorbic acid method with 10 cm light path. Each point represents one measurement (no 
replicates). 
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A 10 mL standard with a concentration of 0.08 mg P/L was used for all measurements 
with the 10 cm light path. The results; illustrated in Figure 4-2, are shown in contour 
plots to allow comparison of two variables (colour development time and reagent 
volume) simultaneously. The contour plots are presented as reagent volume versus time 
in the x-y plane and the contour lines represent absorbance or standard deviation values 
in the z direction. To determine the optimal colour development time and reagent 
volume from the contour plots in Figure 4-2, a reagent volume with a stable absorbance 
reading (Figure 4-2a) and low relative (%) standard deviation (Figure 4-2b) over time is 
prefered. Stable absorbance readings means the absorbance is not rapidly changing over 
time. Ideally a higher absorbance reading and therefore greater analytical sensitivity is 
preferred, however stablility and reproducibility are of primary importance. The dotted 
line at 1.6 mL indicates the reagent volume suggested by the Standard Method. The solid 
black lines represent an interpolated surface through the measured data points to help 
visualize the trends. The contour lines show that absorbance is not stable around the 
Standard Method conditions (1.6 mL and colour development time less than 0.5 hours). 
At 0.5 mL mixed reagent (for a 10 mL sample) and a colour development time of 1-3 
hours a stable absorbance reading around 0.4 absorbance units is observed which 
suggests that the molybdenum blue complex is stable. The relative (or percent) standard 
deviation plot (Figure 4-2b) supports this, as the values that correspond to the points at 
0.5 mL reagent after 1 hr are 1% or lower. In addition, the measured absorbance 
increased by 13% relative to Standard Method conditions, when using a volume of 0.5 
mL. 
4.4.2 Optimization of Ascorbic Acid Method: 1 m Light Path 
In the 1 m light path of the ascorbic acid method, the volume of the mixed reagent 
was again varied as well as colour development time. A 10 mL standard with a 
concentration of 0.008 mg P/L was used for all these measurements. A contour plot 
similar to the 10 cm one shown in Figure 4-2 is shown in Figure 4-3a. Figure 4-3b shows 
a 2D plot of absorbance versus time, including error bars, to illustrate the stable 
absorbance after 16 hours and up to 75 hours. 
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Figure 4-3: Results of the optimization with a i m light path. A) Contour plot of absorbance 
from ascorbic acid method with lm light path. The dotted line at 1.6 mL is the Standard 
Method reagent volume. B) Time dependence of colour development using 0.5 mL of mixed 
reagent for a 10 mL sample. 
0.5 mL of mixed reagent for a 10 mL sample was chosen for the lm light path to be 
consistent with the modified method for the 10 cm light path, and also because a stable 
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region of absorbance at 0.5 mL can be seen in Figure 4-3a. Figure 4-3b is a plot of 
absorbance versus time when 0.5 mL of mixed reagent is used. There is variability in the 
absorbance numbers at the Standard Method time of 0.5 hours, but a stable region 
develops after 16 hours of colour development and 0.5 mL of mixed reagent. The error 
bars in Figure 4-3b illustrate the lack of stability and large error associated with short 
colour development times as suggested in the Standard Method. 
4.4.3 Optimization of Stannous Chloride Method: 10 cm Light Path 
In the stannous chloride method, the volume of the ammonium molybdate reagent 
was varied. The volume of the stannous chloride reagent was kept constant because its 
high viscosity made it difficult to vary in a precise manner. The time for colour 
development was also varied. The concentration of the 10 mL standard used for 
measurements was 0.05 mg P/L. The results of these measurements can be seen in 
Figure 4-4; the dotted line on the contour plots show the volume of ammonium 
molybdate reagent suggested in the Standard Method (0.4 mL and colour development 
time of 0.17 hours. 
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Figure 4-4: Contour plot of absorbance (A) and relative (%) standard deviation (B) from 
stannous chloride method with 10 cm light path. The dotted line at 0.4 mL is the volume of 
the ammonium molybdate reagent stated in the standard method. 
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From the contour plots in Figure 4-4, it can be seen that the highest absorbance 
values were obtained with reagent volumes below 0.3 mL in a 10 mL sample, and at 
colour development times of less than one hour. The most consistent results were 
obtained with a reagent volume of 0.2 mL. This is in agreement with the corresponding 
relative standard deviation plot (Figure 4-4b). Using a reagent volume of 0.2 mL and a 
colour development time of 0.25 hours, a 29% increase in sensitivity was achieved 
compared to the Standard Method conditions. 
A comparison of the two method, ascorbic acid and stannous chloride, is shown in 
Figure 4-5 
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Figure 4-5: Comparison of a calibration curve prepared with stannous chloride vs. ascorbic 
acid methods at 10 cm path length. 
Comparing the calibration curves with a 10 cm light path for both methods (Figure 4-5), 
it can be seen that although the stannous chloride method is more sensitive (steeper 
slope), the ascorbic acid method is more reproducible. Reproducibility is the more 
important factor for obtaining precise measurements. 
4.4.4 Optimization of Stannous Chloride Method: 1 m Light Path 
As with the 10 cm light path in the stannous chloride method, for the 1 m light 
path, the colour development time and the volume of the ammonium molybdate reagent 
were varied while the volume of the stannous chloride reagent was kept constant. The 
concentration of the 10 mL standard used for measurements was 0.005 mg P/L. These 
results can be seen in Figure 4-6. 
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Figure 4-6: Contour plot of absorbance (A) and relative (%) standard deviation (B) from 
stannous chloride method with 1 m path length. 
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Measurements for the 1 m light path (Figure 4-6) do not show a region of stable 
absorbance. Additionally, in Figure 4-6b it can be seen that the relative standard 
deviations for the absorbance measurements were very high (up to 500%), and so the 
measurements themselves are not reproducible. From these results, it can be concluded 
that the stannous chloride method should not be used for low (0.1 u,g P/L) concentration 
phosphate determination. 
4.5 Confirming the Modified Methods 
To test the methods developed for low level orthophosphate determination, natural 
samples were collected and measured. The actual detection limit for the 10 cm and 1 m 
path lengths is also determined. Assuming the detection limit is 10 and 100 times lower 
for the 10 cm and 1 m light path than for the 1cm light path a sample was prepared with 
concentrations five times the expected detection limit concentration (0.005 mg P/L and 
0.0005 mg P/L were used for the 10 cm and 1 m detection limit determination 
respectively). Seven sample and seven blanks were prepared, and measured. The 
standard deviation (s) for the seven sample measurements was computed as well as the 
average of the seven blank measurements (yt>iank)- The signal detection limit is 
determined following Equation (29). 
yd, = y b^k+t-s (29) 
where y^ is the signal detection limit, ywank is the mean of the blank measurements and t 
is a tabulated t value with n-1 degrees of freedom and 98% confidence. The 
concentration detection limit is then determined with a calibration curve where m is the 
slope of the curve. The concentration detection limit is calculated as shown in Equation 
(30). 
t • s 
Minimum detectable concentration — (30) 
m 
Natural samples are measured using an external calibration and also by standard 
additions to identify matrix effects. Standard additions are performed where a calibration 
is created by preparing calibration standards using the natural water samples. By 
comparing the orthophosphate concentration determined using the standard addition 
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calibration curve compared to using the external calibration curve (standards prepared 
with Milli-Q water) the interference of matrix effects can be identified. Matrix effects 
result from more complex water chemistry (compared to ultrapure water) and have an 
unknown effect, either positive or negative interference. 
The calculated concentration detection limit of the 10 cm path length was 0.0013 
mg P/L, which is comparable to the expected limit of 0.001 mg P/L based on Beer's law 
(10 times longer path length can measure concentration 10 times lower) and knowing the 
detection limit for a 1 cm path length is 0.01 mg P/L. Using samples collected from the 
Grand River, in Cambridge, Ontario, Canada, two methods were used to determine the 
concentration of orthophosphate in the sample. An external calibration curve and 
standard additions to check for matrix effects are shown in Figure 4-7. 
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Figure 4-7: A) External calibration used to determine orthophosphate concentration in 
natural water sample using 10 cm path length. B) Average standard addition curve used to 
compare the concentration of orthophosphate in natural sample to external calibration 
using 10 cm path length. 
The orthophosphate concentration was measured to be 0.150 mg P/L, with a 95 % 
confidence interval of 0.014 mg P/L using the external calibration. From the standard 
addition curve (Figure 4-7b) the orthophosphate concentration was calculated to be 0.136 
mg P/L with a confidence interval of 0.014 at 95 %. Based on a t-test, the values 
determined from the external calibration and standard addition curve are the same with 
95% confidence (P=0.05). The values are comparable, giving confidence to the 
concentration of orthophosphate measured through the reproducibility. 
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The reproducibility of the 1 m path length analysis was calculated using tap water 
samples. The water sample was acidified as to maintain the orthophosphate concentrate 
over a number of days while the experiments were being conducted. The concentration 
detection limit was 0.00021 mg P/L determined using Equation (30). As with the 10 cm 
path length, an external calibration was compared to a standard addition to determine if 
the orthophosphate concentrations were equivalent. The external calibration curve and 
standard addition are shown in Figure 4-8. 
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Figure 4-8: A) Calibration curve used to determine orthophosphate concentration in tap 
water sample using 1 m path length. B) Average standard addition curve used to compare 
concentration of orthophosphate in tap water sample to value determined to external 
calibration using 1 m path length. 
The concentration found with the external calibration was 0.0072 mg P/L. The 
confidence interval was 0.0054 mg P/L at 95%. The standard addition concentration for 
the same sample was 0.0147 mg P/L, with a confidence interval at 95% of 
0.0082 mg P/L. A comparison for the P values determined from the external calibration 
and standard addition curve for both the 10 cm and 1 m path lengths is shown in Table 
4-1. 
Table 4-1: Comparison of the external calibration to the standard addition for both the 
10cm and lm path lengths (± confidence intervals) 
External Calibration Standard Additions 
10 cm 0.150 ± 0.014 mg P/L 0.136 ± 0.014 mg P/L 
1 m 0.0072 ± 0.0054 mg P/L 0.0147 ± 0.0082 mg P/L 
63 
The values determined for orthoP concentration in tap water using the 1 m light 
path are the same within the confidence interval for the external calibration and the 
standard addition curve. Based on t-test, the values are the same with 95% confidence. 
This indicates that the interference from matrix effects are negligible for both the 10 cm 
and 1 m path lengths for the samples tested. 
The 10 cm path length gave very reproducible results, whereas the 1 m, although 
having the intervals overlap, was not reproducible. With the lm path length the 
confidence intervals were large relative to measured amount. 
4.6 Conclusions 
The Standard Method for the determination of phosphate was optimized for path 
lengths longer than 1 cm. In the ascorbic acid method, the amount of colour-forming 
reagent was decreased from 1.6 mL to 0.5 mL for a 10 mL sample and the time allotted 
for colour development increased for both path lengths (10 cm and 1 m) tested, which 
increased sensitivity and reproducibility, compared to the Standard Method. The colour 
development time for the 10 cm path length was optimized at 1-3 hours, whereas the 1 m 
light path requires 24 hour colour development. For the stannous chloride method using 
a 10 cm path length, the amount of colour-forming reagent was decreased and the time 
allotted for colour development increased for an optimization of sensitivity compared to 
the Standard Method. Optimization of the stannous chloride method using a i m path 
length was not achieved because reproducible data could not be measured. 
In comparing the ascorbic acid method to the stannous chloride method, it seems 
that the ascorbic acid method is better for determining phosphate at low concentrations. 
For instance, this method has a larger region of absorbance stability in the 10 cm light 
path than the stannous chloride method in the same path length. No stable region was 
achieved using the stannous chloride method and 1 m path length. Therefore, it has been 
determined that ascorbic acid results are more reproducible and have a clearer region of 
absorbance stability with respect to reagent volume and colour development time. It 
should be used preferentially over the stannous chloride method for determination of low-
level phosphate. 
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Chapter 5 
Designing a Filtration Protocol to Separate Dissolved Particulate 
Fractions for Orthophosphate Determination 
5.1 Introduction 
Chemical phosphorus (P) removal is achieved with the addition of metal (Fe and 
Al) salts, which precipitate, co-precipitate or adsorb the soluble phosphates to be 
removed with sludge. Although chemical phosphorus removal is widely used, the 
mechanism of removal is poorly understood. To improve the understanding of this 
process, batch tests in clean water have been performed. Solutions of phosphate and iron 
were mixed in polypropylene containers overnight, and filtered and measured for 
orthophosphate after 24 hours. Tests were performed varying pH and iron dose, to 
observe the phosphorus removal across a range of pH. Measured data shows poor 
reproducibility, particularly at low pH. 
Determining the residual orthophosphate and therefore effective P removal, 
involves filtering samples through a 0.45|j.m filter and measuring orthophosphate 
colorimetrically in the filtrate. This is the standard (operational) definition in aquatic 
science for separating dissolved and particulate fractions. However, filtering these batch 
samples prepared in clean water, showed volume dependence with respect to 
orthophosphate in the filtrate. Inconsistencies in filtration have been reported by other 
researchers as well (Horowitz et al., 1992; 1996; Hall et al., 1996; Shiller, 2003; 
Morrison and Benoit, 2001). Horowitz et al., (1992) studied the effect of filtration on 
dissolved trace element concentrations in natural systems and concluded that additional 
factors to the filtration process, more than just pore size, need to be considered when 
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"dissolved" concentrations of Fe, and Al are being studied. Factors such as the volume 
of sample processed, amount of suspended sediment, and type of filter will all affect the 
dissolved fraction in the filtrate (Horowitz, 1992). 
The volume dependence observed with filtration is the result of "filtration 
artifacts". This term is used to describe the effect of a build-up of colloids and 
colloidally associated material. The colloids are generally less than 450 nm in size, but 
the build up of material blocks the pores of the filter. A build-up of colloidal hydrous 
ferric oxide (HFO) on the filter will aid in removing phosphate from the sample during 
the filtration step. Phosphate associated with those colloids initially passing through the 
membrane will be interpreted as soluble phosphate. Although the particles are nanometer 
size (approximately 50 nm as determined from SEM images), a "mat" of these particles 
could block the 450 nm pores. Layers of HFO colloids on the surface of the filter 
continue to bind P to reduce the amount passing through the filter. Nutrients (including 
ortho- and total phosphate) alone have been tested separately from samples containing 
aluminum or iron and it was concluded they are unaffected by filtration artifacts 
(Horowitz et al., 1996). 
In the synthetic samples, where the volume dependence with filtration is observed, 
the iron dose is typically high; lOmg Fe/L for 1 mg P/L (molar dose of 5). Moreover, 
low pH solutions compared to neutral or high pH, showed more variability with filtration. 
These conditions likely provided the most significant artifacts for filtration. To 
overcome the filtration artifacts associated with the specific synthetic samples, the 
separation of dissolved and particulate fractions is examined. 
Syringe filtration is not the only method to separate the dissolved fraction. Suction 
filtration, vacuum filtration, and centrifugation are a few examples of other separation 
techniques. Variations of the traditional membrane filtration have also been studied in an 
effort to reduce membrane clogging. Hollow-fiber filters, commonly used in 
biotechnology, have been used to separate lake water with high particulate content. This 
technique is beneficial to ensure unchanging lake water composition with filtration and is 
gentle on fragile organisms (Jiittner et al., 1997). Tangential flow ultrafiltration 
(Morrison and Benoit, 2004) and electrofiltration using cross-flow filtration (Lin et al., 
2007) minimize solid membrane contact to reduce clogging. These techniques are 
66 
beneficial for size separation and fractionation of colloids. However, for quick and easy 
on site sample filtration the ease and speed of syringe filtration is preferred. This is 
essential for wastewater plant operators to check regulations are being met and treatment 
is functioning properly. Also, aquatic scientists performing in-field measurements or 
dealing with time sensitive samples can quickly filter and process their data. Syringe 
filtration is the method of choice for researchers and wastewater engineers due to the ease 
of use and efficiency in dealing with large numbers of samples. 
Due to the widespread use of syringe filtration, filters come in a variety of types 
and sizes. Focusing only on 0.45 urn pore size for separating dissolved fractions, filter 
diameter and thickness vary. The two basic types of membrane filters are sieve and 
tortuous path. Sieve membranes are extremely thin (10-15 urn thick) and as a result, only 
trap particles on the surface of the filter. Tortuous path membrane filters are thicker 
(100-150utn thick) and sponge-like therefore able to trap particles within the filter as well 
as on the surface (Horowitz, 1992). Tortuous path filters, such as Millipore and Sartorius 
filters are available in 0.45 urn pore size, and the sieve filters, such as Nuclepore and 
Poretics filters are 0.40 |xm which is the real pore size, not woven like the tortuous path 
filters (Horowitz, 1992). Filter diameters range in size from 13 mm to as large as 142 
mm. The large filter diameters are designed to filter larger sample volumes and are more 
expensive than the smaller diameter filters. The hypothesis, based on previous studies 
(Morrison and Benoit, 2001) is that tortuous path will be more consistent than sieve 
membranes since the sieve membranes clog more easily. 
In addition to the type of membrane, the flow rate of sample across the membrane 
can affect the filtration results. According to Leppard (1992), the flow rate for filtration 
can provoke colloid aggregation. By reducing the flow rate in a series of experiments, 
filter-provoked aggregates should be reduced (in size and frequency) whereas natural 
aggregates will be unaffected. 
Considering factors known to affect filtration, especially of samples containing 
colloidal iron, a protocol to separate dissolved and particulate fractions will be developed. 
The protocol will be designed to isolate the dissolved fraction of a sample in order to 
reproducibly measure orthophosphate in jar tests designed to mimic chemically mediated 
phosphorus removal in clean, pure water. The focus is on capturing the dissolved 
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fraction as anything that cannot be removed as a solid. The protocol will be developed 
based on syringe filtration and ensure it is applicable to a variety of samples. Key 
variables such as type and diameter of the filter, flow rate of sample and volume 
processed will be considered. 
5.2 Experimental 
5.2.1 Experimental Design 
A protocol was determined by selecting the filtration variables that displayed the 
lowest reproducible residual phosphate concentration. The phosphate that was detectable 
in the filtrate was therefore classified as dissolved because it could not be separated from 
particulate matter. The variables that were considered in designing the protocol were 
volume of sample filtered, flow rate of filtration, type and diameter of the filter. 
5.2.2 Sample Preparation 
All samples were prepared by mixing 1 mg P/L from stock tribasic sodium 
phosphate (Fischer Scientific, New Jersey, USA) and 10 mg Fe/L from FeCb^tkO 
(Fluka, Switzerland) with Milli-Q water in a Teflon jug with a propeller mixer set at 350 
rpm. The pH was adjusted to with 0.1 M NaOH (Sigma Aldrich, St. Louis, MO, USA) 
while mixing then set to mix overnight at 20 rpm. Unless otherwise specified, all 
samples prepared to test filter variables were ~pH 4 since variable data from previous 
studies (Smith et al., 2008a) predominates at low pH. They were filtered within four 
days since tests have shown the composition of the sample and iron colloids changes after 
this period of time. No filter pretreatments were performed as previous tests and work 
from Horowitz et al. (1996) and Hall et al. (1996) indicate there is no interference from 
filter material associated with the artifacts. 
5.2.3 Filters 
A combination of 25 mm and 47 mm diameter filters from Whatman and 
Millipore with a 0.45 \im and 0.40 uin pore sizes were used. The filters studied are 
summarized in Table 5-1. 
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Table 5-1: Summary of the filters tested 
Filter 
Whatman GMF 
GD/X 
Whatman 
Nuclepore 
Millipore 
Whatman 
Purabind 
Filter Type 
tortuous path 
sieve 
tortuous path 
tortuous path 
Pore size 
(nm) 
0.45 
0.45 
0.40 
0.40 
0.45 
0.45 
0.45 
Diameter 
(mm) 
13 
25 
25 
47 
25 
47 
47 
Note* 
For volumes 
<10mL 
For volumes 
>10mL 
Smooth flat 
surface for 
viewing particles 
Diagnostic 
membrane. 
Product De-
Activated 
* Information from the manufacturer (Whatman) 
The GMF GD/X filters are syringe filters designed for routine analysis of environmental 
samples. The filter includes a polypropylene housing and a pre-filtration stack and GF/F 
glass microfiber media made of Borosilicate Glass Fiber. The pre-filtration stack is 
designed to provide ease of filtration, and prevent clogging. The filters are available in 
13 mm and 25 mm diameter; with the 13 mm intended for filtering samples less than 10 
mL and the 25 mm used for samples greater than 10 mL. The other types are considered 
membrane filters and do not include a casing for syringe filtration. To house these 
membrane filters a "pop-top and swin-lok" plastic filter holder for 25 mm and 47 mm is 
used. The holders are made of polycarbonate or polypropylene and included a pre-
filtration area before the membrane. The pre-filtration area is upstream of the membrane 
filter to reduce the particulate load on the filter and increase operating efficiency 
(Whatman, 2008). 
The only sieve filter type tested is the nuclepore membrane filter, 25 mm and 47 
mm, which was also used by Horowitz et al. (1996) and Hall et al. (1996). It is a 
polycarbonate membrane filter with high chemical resistance; high flow rates and is 
suitable for environmental samples. For tortuous path filters the Millipore membrane 
filters, 25 mm and 47 mm were tested and also used by Hall et al. (1996). The filters are 
made of cellulose acetate/nitrate, similar to Sartorius filters used by Horowitz et al. 
(1996) and Szabo et al. (2008). 
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^*—~^ Figure 5-1 shows the Nuclepore (sieve) 
* filter and the Millipore (tortuous path) 
filter moistened with water on the 
bottom half of the filter casing. The 
u-
 c , o- e\4, /XT i \ A image illustrates the difference in 
Figure 5-1: Sieve filter (Nuclepore) and fe 
tortuous path filter (Millipore) on the thickness, as the thinner sieve filter is 
bottom half on the reusable filter casing 
transparent compared to the thicker 
tortuous path filter. 
Purabind membrane filters, 47mm, were the final type of filter tested. 
They are a high sterile diagnostic membrane filter, designed for lateral flow separations. 
Whatman has since modified these filters, and the Purabind filters used in this study are 
no longer available. 
5.2.4 Filtration Set-up 
Samples were drawn into a syringe (50 mL or 20 mL sterile syringe from NORM-
JECT®, Germany) then mounted on a syringe pump. The syringe pump (KD Scientific 
100, USA) was used to control the rate of filtration. The syringe pump was calibrated for 
accurate volume outputs, so the filtrate could be collected in small vials used for 
colorimetric orthophosphate determination. Consecutive aliquots of the filtrate were 
collected and reported as the volume through the filter (volume out). The first few 
aliquots (i.e. first mL and fifth mL) was collected in a volumetric flask (1 mL, 5 mL or 
10 mL) and diluted to a volume of 10 mL for colorimetric orthophosphate analysis 
(minimum sample required for analysis). 
5.2.5 Sample Analysis 
After the samples were filtered, the filtrate was analyzed for orthophosphate 
colorimetrically. The modified Standard Method for ascorbic acid (4500-P. E.) as 
described in Chapter 4 and published in the Water Environment Federation Technical 
Conference and Exhibition proceedings 2008 (see Gilmore et al., 2008) was used for 
colorimetric phosphate determination. For determination of orthophosphate at 
concentrations greater than 0.01 mg P/L Standard Method 4500 P.E is followed using a 
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1 cm path length. For samples with lower concentrations of orthophosphate (0.001 to 
0.01 mg P/L) a modified method was used with a 10 cm light path (see Chapter 4). 
Absorbance measurements were performed with an Ocean Optics (Sarasota, FL, USA) 
fiber optic spectrometer and the absorbance was measured at 650 nm. Light was passed 
from a tungsten halogen light source (Ocean Optics LS-1) through an optical fiber to a 
cuvette (1 cm or 10 cm) containing the sample. A second optical fiber transmitted the 
light signal to the detector (Ocean Optics QE5000). 
Total iron was measured with a Perkin Elmer atomic absorption spectrometer 
(3100). The wavelength was set to 248.3 nm (recommended analytical line for Fe). 
5.3 Results 
By testing flow rate, type of membrane, filter diameter, and volume filtered, the 
goal was to design a protocol for separating dissolved and particulate fractions in the 
synthetic phosphorus and iron systems used to mimic very simple chemically mediated 
phosphorus removal in clean water. It is with these synthetic samples that the artifacts 
due to filtration clogging are most prominent. The lowest achievable orthophosphate 
concentration in the resulting filtrate is taken as the best representation of the dissolved 
fraction because it cannot be separated using filtration. 
5.3.1 Flow Rate 
Flow rate tests were performed using the 13 mm GMF GD/X filters. The 
hypothesis was that the residual phosphate concentration would be higher at slower flow 
rates since there would be fewer iron colloids blocking the filtered pores, therefore 
further binding phosphate on the surface of the filter. The fastest flow rate used in these 
tests, 500 mL/hour, is about half as fast as can be filtered by hand (without the syringe 
pump). Three flow rates, 500 mL/hour, 250 mL/hour, 50 mL/hour are compared in 
Figure 5-2, with residual orthophosphate concentration versus volume filtered. 
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Figure 5-2: Flow rate comparison using 13 mm GMF GD/X filters. Syringe pump was used 
to control the rate. 
In Figure 5-2, the volume dependence associated with filtering the synthetic 
samples of P is evident. Only volumes up to ~10 mL are reported for these filters, since 
that is all they are designed to filter (see Table 5-1). Examining the three flow rates 
tested, low flow rates tend to give lower residual phosphate concentrations and higher 
flow rates allow more phosphorus through the filter. The difference between filterable 
orthophosphate at 50 mL/hr compared to 500 mL/hour flow rates using these filters is 
almost doubled at each of the volumes reported in Figure 5-2 (1 mL, 6 mL, and 11 mL). 
At 11 mL there is almost an order of magnitude difference from 50 mL/hour where ortho-
P is -0.04 mg P/L to 500 mL/hour where ortho-P is -0.2 mg P/L. 
The result of this flow rate test differs from the expected results based on the report 
by Leppard (1992). Leppard (1992) suggested that filter-provoked aggregates would 
diminish with reduced flow rate. The observed trend of lower phosphate at low flow rate 
can be rationalized if the phosphate in the filtrate is predominantly associated with 
colloidal iron. Slow flow rates allow these tiny iron hydroxide particles to associate with 
the filter, but the kinetic energy at faster flow rates prevents the colloid-filtrate 
interactions and the colloid, along with associated phosphorus, passes through the filter. 
Since the 13 mm GMF GD/X filters used for the flow rate test are only suitable for 
sample volumes less than 10 mL, the filters are not further considered. It is assumed that 
the same or similar trend of decreasing P concentration with decreasing flow rate, based 
on the mechanism above, is observed with the other filters described in Table 5-1. 
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To determine which flow rate is suitable for the filtration protocol, speed and 
efficiency were considered. At 50 mL/h, not even three replicates of a 10 mL sample can 
be filtered in an hour, and analysts would likely have multiple samples to filter and 
measure. The slower flow rates are not practical or efficient for daily experimentation 
because they are too time consuming. The flow rate selected for the filtration protocol 
presented here is 250 mL/hour since this rate produces reproducible low phosphate 
concentrations with reasonable efficiency. Larger sample volumes (>10 mL) will reach 
same residual P concentration as discussed in section 5.3.3. 
5.3.1.1 Breakthrough of Filtrant 
For all seven filters examined in this study, a breakthrough is seen after a certain 
volume of sample has been pushed through the filter. For initial aliquots of filtrate, the 
concentration of phosphate and iron in the filtrate decrease with volume filtered as is seen 
in Figure 5-2. However, after a volume of sample has been filtered (-30 mL for some 
filters, less for other) the residual orthophosphate and iron concentrations jump almost to 
the original starting concentration. This breakthrough is visible in plots discussed in the 
next section (Figure 5-3, Figure 5-4, and Figure 5-5) and can also been seen with the 13 
mm GMF GD/X filters used for the flow rate tests show in Figure 5-2, when more than 
10 mL are pushed through the filter (data not shown). 
Breakthrough is a common phenomenon in filtration and has been illustrated 
recently by Kumar et al. (2008) for arsenate associated with iron oxide coated fibrous 
sorbents. Arsenate is very similar chemically to phosphate. The possibility that the filter 
is literally breaking is being ruled out since the trend happens in the various filters tested 
and consistently occurs at the same volume (for the filter being tested). 
Eliminating the 13 mm GMF GD/X filter (because the volume capability is too 
small) from the seven initially compared in Table 5-1, there are six types of filters left to 
consider in developing a protocol. These six filters were used to filter synthetic samples 
at 250 mL/hr taking consecutive aliquots. The results are shown in Figure 5-3, with their 
respective breakthrough volumes clearly visible. 
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Figure 5-3: Comparison of all six filters tested plotted with residual phosphate versus 
volume filtered (volume through). Sample prepared with propeller mixer, pH 4 
The filters shown in Figure 5-3 show two separate filter behaviors with respect to 
breakthrough. Three filters, two sieve filters (nuclepore) and the 25mm Millipore filter, 
show breakthrough after less than 10 mL is filtered (rapid breakthrough). The three other 
filters generate low orthophosphate concentrations in the filtrate before the breakthrough 
(high volume breakthrough). These are the 25 mm GMF GD/X syringe filters, 47 mm 
Millipore membrane filters and the 47 mm Purabind membrane filters, up to 30 mL 
filtered. Two filter behaviors, rapid breakthrough and high volume breakthrough will be 
considered separately. 
5.3.2 Type of Filter 
Each of the six filters shown in Figure 5-3 is considered in the following sections. 
Figure 5-4 shows the phosphate and total iron concentrations in the filtrate of samples 
filtered using 25 mm Millipore, 25 mm Nuclepore and 47 mm Nuclepore filters 
respectively. These three filter types give the highest concentrations passing through the 
filter. 
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Figure 5-4: Residual orthophosphate (•) and total iron concentration (0) in the filtrate using 
three different filters; A) 25 mm Millipore filters (tortuous path) and B) 25 mm and 
C) 47 mm Nuclepore sieve filters. The breakthrough happens for all three filters when less 
than 10mL has passed through the filter. Including the iron concentration in the filtrate in 
these plots, illustrates that the breakthrough allows both phosphorus and iron to pass 
through the filter almost to their original Fe, P concentrations (1 mg P/L and 10 mg Fe/L 
respectively). 
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In Figure 5-4, the three filters (two sieve filters) show breakthrough when less than 
10 mL has passed through the filter. Showing the iron concentration across the range of 
volumes, illustrates that the breakthrough allows both phosphorus and iron to pass 
through the filter, such that the concentrations in the filtrate jump almost to the starting 
concentrations (1 mg P/L and 10 mg Fe/L) likely since P is associated with Fe colloids. 
It was expected that the sieve filters would clog faster than the tortuous path filters, which 
likely explains why the breakthrough happens quickly with the sieve filters. The tortuous 
path gives lower phosphate and iron concentrations in the filtrate, since more particulate 
matter is held up in the thicker filter, similar to results observed by Horowitz et al. 
(1992). The three filters (25 mm Millipore, 25 mm Nuclepore and 47 mm Nuclepore) 
shown in Figure 5-4 are not suitable for residual P determination because the aim is to 
estimate optimal separation of dissolved and particulate fractions. 
Using the filters described in Figure 5-4 to achieve low phosphate concentrations, 
for example less than 0.5 mg P/L (50% removal), would require volumes less than 
10 mL. The filters used to generate the data in Figure 5-5 are more suitable filters since 
they provide a larger window of sample volumes that reach low residual concentrations. 
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Figure 5-5: Residual orthophosphate concentration with volume filtered for the 25 mm 
GMF GD/X, 47 mm Millipore, and 47 mm Purabind filters. These filters do not show the 
breakthrough trend until after 20 or 30 mL of sample has been filtered. 
The three filters shown in Figure 5-5 are considered tortuous path filters, and do not 
show breakthrough until -30 mL has passed through the filter. Observing lower 
-m—25mm GMF 
-©• • - 47mm Millipore 
•A--47mm Purbind 
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concentrations in the filtrate when larger diameter (47mm versus 25mm) tortuous path 
filters are used is consistent with the trends observed by Hall et al. (1996). 
Examining the results for the three filters plotted in Figure 5-5, the 47 mm 
Millipore filters vary the least in residual orthophosphate concentration with volume 
filtered, and are more reproducible, compared to the 25 mm GMF GD/X or 47 mm 
Purabind filters trial after trial. Although the 47 mm Purabind filter was able to give 
reproducibly low results, it did not stay intact when disassembling the filter holder, which 
is undesirable if it is of interest to examine the filter and associate particulate matter. 
Additionally, the Purabind filters have been modified since the start of the study, and the 
exact filters used here are no longer available. 
5.3.3 Volume of Sample Filtered 
Both the 25 mm GMF GD/X filter and the 47 mm Millipore filter are further 
considered in determining an appropriate volume to filter in establishing a filtration 
protocol. Setting a flow rate and type of filter to use will reduce the inconsistency due to 
filtration, but even from Figure 5-5 it is clear there is still some volume dependence when 
the flow rate is controlled and the large tortuous path filters are used. To further increase 
reproducibility in filtering the synthetic clean water samples (the special systems that 
show the most inconsistencies in filtration), a single volume of filtrate collected per filter 
is suggested. An appropriate volume of filtrate for colorimetric orthophosphate 
determination is 10 mL. At the chosen flow rate of 250 mL/hr, 10 mL of sample is 
reasonable. Moreover, approaching a volume near the breakthrough point is not desirable 
since standard deviations (error) would be large if repeated measurements show 
occasional breakthrough. 
In a solution of pH~4 mixed in an Eberbach reciprocal shaker (Eberbach 6000, 
USA) for 24 hours, lOmL filtrate from the 25 mm GMF GD/X is 0.07±0.02 mg P/L (± 
standard error) after three replicates and 0.0036±0.005 mg P/L is achieved with the 
47 mm Millipore filter. Similarly, a solution at pH ~6 shows less variability between the 
filters and excellent reproducibility when triplicates of 10 mL of filtrate are collected and 
measured. 0.051±0.002 and 0.047±0.002 mg P/L were recorded with the GMF GD/X 
and Millipore filters respectively. Since each of these measurements shows low standard 
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deviation, a sample volume of 10 mL (filtrate) is therefore suitable to increase 
reproducibility when filtering. 
The replicate measures at 10 mL (filtrate) also showed lower orthophosphate 
concentration, and standard deviation is achievable with 47 mm Millipore filter over the 
25 mm GMF GD/X filter. This agrees with the results presented in Figure 5-5, where 
over a range of volumes, the Millipore filter reaches lower orthophosphate concentration 
and has slightly smaller standard deviation than the GMF GD/X filers. The 47 mm 
Millipore membrane filters are therefore the filters of choice for simple, reproducible 
dissolved-particulate separations to achieve low phosphorus concentrations. 
5.4 The Protocol 
After testing the flow rate, volume of sample filtered and a variety of filters, a 
protocol for reproducible filtration of synthetic samples of phosphorus and iron has been 
created. The protocol is as follows 
• 47 mm Millipore filter 
• 250 mL/hr flow rate 
• 10 mL of filtrate (volume out) 
The protocol has been developed using synthetic samples prepared in ultra pure water at 
pH 4. Testing the protocol on natural water and wastewater samples will confirm if the 
protocol is widely applicable for reproducible dissolved-particulate separations and 
orthophosphate determination. 
5.5 Testing the Protocol with Natural Water and Wastewater Samples 
The "clean" water samples (synthetic samples prepared with ultrapure water) are 
the worst-case scenario for filtration because the smallest iron colloids are expected. 
Natural samples will have a more complicated matrix and the presence of inorganic and 
organic colloids help stabilize the colloids and allow large particles to form or aggregate 
(Pizarro et al. 1995). A protocol developed for filtration of the synthetic worst-case 
samples should be suitable for all samples. To test this, natural samples were collected 
and filtered across a range of volumes, but the flow rate was held constant (250mL/hr) 
and the 47 mm Millipore filter was used for all. 
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The first test was performed on river water samples taken near an effluent stream 
from the Preston Wastewater Treatment Plant in Cambridge, Ontario, Canada. The 
location of the sampling site is shown in Figure 3-3 (Chapter 3) along with the location of 
the three sample locations. The results are shown in Figure 5-6. 
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Figure 5-6: Samples from the Grand River, near a wastewater effluent stream, filtered 
following the filtration protocol. Three samples were collected, one upstream from where 
the effluent meets the Grand River, one downstream and one sample from the storm ditch 
the effluent flows directly into ("Next to Effluent"). Replicate measurements were not 
made. 
The orthophosphate concentration is very constant across the range of volumes for 
all three samples collected. Replicate measurements of the orthophosphate concentration 
in the Grand River are compared with replicate measures of synthetic samples in Table 
5-2. 
Table 5-2: Comparison of replicate orthophosphate measurements in synthetic samples and 
natural river water sample 
Synthetic sample, pH~4 
Synthetic sample, pH~6 
Grand River 
Orthophosphate 
Concentration (mg P/L) 
0.124 
0.0036 
0.047 
Standard 
Deviation (mg P/L) 
0.002 
0.005 
0.002 
Triplicate measures of orthophosphate concentration were made in the filtrate of 
synthetic Fe and P samples at pH 4 and 6 as well as a water sample from the Grand River, 
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downstream from a wastewater effluent. The results in Table 5-2 show the average 
orthophosphate concentration and the standard deviation associated with the 
measurement. The standard deviation is low for all three samples, indicating the 
filtration protocol is appropriate for synthetic pure water samples as well as natural water 
samples. 
Groundwater and raw wastewater samples were obtained. The groundwater is from 
a shallow well in the riparian zone of the Beverly Swamp, at the John Mount field site, 
near Valens, Ontario. The raw wastewater is from a pilot plant at the New Hamburg 
water treatment plant in the Township of Wilmot. The result of filtering these samples is 
shown in Figure 5-7. 
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Figure 5-7: Testing the protocol in natural and wastewater samples. A) Groundwater 
sample B) Mixed Liquor from pilot treatment plant 
Plot A in Figure 5-7 is the groundwater sample. The orthophosphate concentration is 
around 0.15 mg P/L. Plot B in Figure 5-7 is the sample of raw wastewater (mixed 
liquor). The orthophosphate in this untreated wastewater is much higher than in the 
groundwater or river water samples. The average orthophosphate concentration in this 
sample was around 2 mg P/L. The plots show almost no volume dependence across the 
range of 1 mL filtered to 80 mL filtered. Due to the dilution error associated with 
diluting the 1 mL and 5 mL samples to 10 mL for orthophosphate analysis, the error is 
slightly larger. Overall these plots indicate reproducibility in filtration and 
orthophosphate determination. 
80 
The reproducibility in filtering and measuring these natural samples illustrates that 
the filtration issues that have been presented here are a special case for the specific 
samples of phosphate, iron and Milli-Q water. It also demonstrates that the protocol 
designed to reduce the error associated with filtration of synthetic lab samples, is 
applicable in natural samples as well. The final test of the protocol was to see if the 
revised method improves lab-based sorption tests. Therefore, jar tests were designed to 
generate residual orthophosphate data across a range of pH, to compare with previously 
generated data. Figure 5-8 shows this comparison. 
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Figure 5-8: A comparison of data generated following the filtration protocol and the 
optimized method for low level orthophosphate analysis to data that was previously 
generated. The data generated before the development of these new protocols is shown in 
grey, and the new data generated with the filtration protocol and optimized colorimetric 
methods are shown in black. The samples were prepared with Milli-Q water, 1 mg P/L and 
10 mg Fe/L, pH adjusted with 0.1M NaOH and shaken on a reciprocal shaker overnight (as 
described in Chapter 3). The data shown in open circles represent effluent collected from 
Cambridge, Ontario, Canada, treated in the same fashion as the laboratory created samples 
(i.e spiked to lmg P/L and 10 mg Fe/L). 
The data shown in grey in Figure 5-8 was measured before the filtration protocol was 
designed and also before the low level orthophosphate determination method was 
optimized (Chapter 4). The data above pH 5 has been published before by Smith et al. 
(2008) and illustrates a proof of principle of surface complexation modeling being used 
to explain chemically mediated phosphorus removal. The scatter in the data, especially 
81 
below pH 5 was suspected to be the result of inconsistent filtration and poor low level 
orthophosphate analysis. The data in black was generated following these new protocols 
and demonstrates that reproducible and consistent data can now be obtained for jar tests 
simulating chemical phosphorus removal. In particular, the reproducibility at low pH has 
been dramatically improved. The revised protocol gave reproducible data at higher pH 
values as well, but showing higher than expected residual phosphate. The residual 
phosphate measured at these circumneutral pH values do not agree with other 
experiments (Szabo et al., 2008) which were performed in tap water and raw effluent. It 
can be reasonably concluded that ultra pure water is not a good model media for 
wastewater. 
To test more reasonable, wastewater-like media, open circles in Figure 5-8 
represent measurements of water samples collected in Cambridge, Ontario, Canada. 
Phosphate was added so the final phosphate concentration was 1 mg P/L, and iron added 
to 10 mg Fe/L. These points show that lower phosphorus concentrations are achievable 
when more complex water chemistry is considered. Further consideration of water 
chemistry including water hardness is discussed in Chapter 6. 
5.6 Conclusions 
A filtration protocol for achieving reproducible low residual phosphate 
concentrations separating dissolved and particulate fractions was outlined. The suggested 
filtration rate is 250 mL/hour since reproducible residual concentrations are achieved in a 
reasonable amount of time. Faster rates result in higher residual orthophosphate 
concentrations and slower flow rates are inefficient (see Figure 5-2). The 47 mm 
Millipore membrane filter was determined to be the most reproducible in terms of 
residual orthophosphate concentrations resulting in the most consistent concentrations 
with varying sample volumes between 5 and 30 mL (see Figure 5-5). Testing the 
protocol on natural samples, with a more complicated matrix than the synthetic samples, 
indicates the volume dependence observed in the synthetic samples is less evident in the 
natural samples. Moreover, the protocol designed to overcome the inconsistent filtration 
of the synthetic lab samples is applicable to natural samples to obtain reproducible 
orthophosphate concentrations. 
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Chapter 6 
Application of a Factorial Design to Study Chemically Mediated 
Phosphorus Removal 
6.1 Introduction 
Chemically mediated phosphorus (P) removal, during wastewater treatment, is an 
effective means of reducing nutrients reaching sensitive environments. The addition of 
metal salts, typically iron or aluminum, results in coagulation reactions that remove 
soluble phosphorus. Although this method of treatment is widely used, the mechanism of 
removal is poorly understood. 
Understanding the mechanism of removal is the first step to improving the 
treatment process, however being able to model the system is beneficial from an 
engineering perspective. With a model and detailed understanding of the chemical 
phosphorus removal mechanism, interactions with other areas of the treatment process 
can be studied. For example, treatment plants are moving towards using biological and 
chemical phosphorus removal in combination (de Haas et al., 2000), and in order to 
optimize this practice a detailed understanding and optimization of each process is 
needed. 
The focus of this research is using iron (Fe(III)) for phosphorus removal, although 
aluminum interactions are thought to be similar (WEF, 1998; Szabo et al., 2008). 
Hydrous ferric oxides (HFO) are formed from the rapid hydrolysis of ferric iron 
(Dzombak and Morel, 1990), such as the addition of ferric chloride to wastewater. 
Phosphate is adsorbed to the surface of hydrated (Fe(III)) oxide (HFO) and also co-
precipitates (Hammer and Hammer, 2001; Smith et al., 2008a). Co-precipitation is 
thought to be the predominant mechanism initially, responsible for initial rapid removal 
upon addition of the metal salt. Adsorption continues to bind phosphate for longer 
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periods of time (hours or days) (Szabo et al., 2008; Li and Stanforth, 2000). Further 
investigation on the kinetics of removal is still needed, including how the ratio of Fe/P 
and mixing intensity affects removal rates and final (equilibrium) values. 
In wastewater treatment utilizing chemical P removal the iron dose is determined 
partly by the phosphorus in the influent and the regulations on effluent (required total 
phosphorus in effluent). The ratio of metal dosed to initial P (Me:P) is usually 1.5-2 to 
achieve 80-98% removal, but a molar dose closer to 5 is needed to get down to 
0.01 mg P/L as total phosphorus (Szabo et al., 2008). Other factors such as mixing, 
affect the required dose. Ideally, the system is well mixed at the dosing point, however, 
mixing intensity is usually low (G = 20-100 s"1) in treatment plants. Lab-scale 
experiments often employ a much higher mixing intensity, G = 300 to 1000 s"1 (Szabo et 
al., 2008). Szabo et al. (2008) varied mixing intensity in jar tests with tap water and 
found faster mixing, especially initially in the coagulation process, results in lower 
residual phosphorus concentrations. They report an equation (Equation (31)) relating 
residual phosphorus concentration to mixing intensity (G) at a given Fe: P molar ration 
based on their results. 
P = 0.805e"°O06G (31) 
In Equation (31) from Szabo et al. (2008) for an Fe:P molar ration of 1.8, P is residual 
soluble orthophosphate concentration in mg P/L and G is mixing intensity in s"1. 
The pH dependence of phosphorus removal is well studied, but remains an 
important consideration for further research since the process is very pH dependent. The 
optimal range for removal, as predicted by a semi-empirical equilibrium based model is 
pH 6.2-7 (Takacs et al., 2006a). However, excellent removal (down to 1% of input 
phosphorus) is possible according to chemical equilibrium, surface complexation 
modeling and experimental observation at very low pH (between pH 4 and 6) (Smith et 
al., 2008b). Laboratory measurements and equilibrium based modeling by Smith et al. 
(2008a) confirm that phosphorus removal with iron is better at lower pH as shown in 
Figure 6-1. 
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Figure 6-1: Residual phosphorus (orthophosphate) versus pH for experiments performed 
with 1 mg P/L initially and an iron dose of 10 mg Fe/L. Open circles are experimental 
results and the line is model predicted results from the Surface Complexation Model for 
phosphorus removal developed by Smith et al. (2008a). 
The jar test used to generate the data in Figure 6-1 (open circles) were performed with 1 
mg P/L and an iron dose of 10 mg Fe/L, in ultra pure water. It can be seen that the 
residual phosphorus after shaking the samples for 24 hours and measuring the 
orthophosphate concentration (after filtration) changes significantly with pH, where 
lower pH achieves better removal than high pH. Compare the difference in residual 
phosphorus at pH 6 and 8 for example; there is an order of magnitude difference; 
-0.0lmg P/L at pH 6 and -0.3 mg P/L at pH 8. 
At basic pH, the iron phosphate interactions are affected by the point of zero net 
charge. HFO has a point of zero charge in the range of 7.9-8.2 (Dzombak and Morel, 
1990). Above the point of zero net charge adsorption is reduced due to electrostatic 
repulsion (negative solid and negatively charged phosphate) (Daou et al., 2007), 
however, adsorption interactions are present since the covalent bond between phosphate 
and the HFO surface forms inner sphere complexes. Inner sphere complexes, unlike 
outer sphere complexes, are not directly pH dependent. These surface electrostatic 
interactions will also play a significant role in the binding of other anions and cations to 
the surface of HFO (Stumm, 1992). 
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The wastewater matrix can also affect chemical P removal. Calcium and 
magnesium are examples of cations that are present in wastewater that could interact with 
HFO or phosphate. At high pH (>10), calcium in the form of lime, can be added for 
phosphorus removal. This technique is not typically employed at treatment plants due to 
the high dose required and the high pH (WEF, 1998). However, a study on using 
combinations of metal salt for P removal found that when a small amount of calcium 
(2 mmol/L) is added to chemical precipitation with aluminum or iron, a broader pH range 
of optimal removal is achieved (Hsu, 1973). Fettig et al. (1990) found similar results 
where below pH 5 a mixed phosphate, Fe(III) and calcium precipitate forms, and above 
pH 6.8 calcium phosphate alone precipitates (when ortho-P concentrations are greater 
than 
0.5 mol/L). For wastewater treatment this indicates the presence of calcium could aid in 
achieving lower residual phosphorus in the effluent. 
Magnesium in wastewater can also precipitate phosphate as struvite 
(MgHN4P04-6H20) when ammonium ions are also present in reducing conditions (WEF, 
1998). Magnesium forms stronger phosphate complexes than calcium; however iron (III) 
complexes are stronger than both calcium and magnesium (Jenkins et al., 1971). The 
presence of magnesium also affects calcium phosphate precipitations such that beta-
tricalcium phosphate will precipitate instead of apatite (Jenkins et al., 1971). Peng et al. 
(2007) also concluded that magnesium and organic acids may inhibit Ca-P precipitation 
due to the insignificant Ca-P precipitation they observed at high pH. 
Modelling of chemically mediated phosphorus removal is currently based on 
equilibrium chemistry. Without a kinetic portion to describe P removal, the current 
model does not accurately simulate reality. Wastewater treatment is a dynamic, multi-
step process and needs to take reaction rates into account when simulating the process. 
Aside from observing an initial rapid removal likely due to co-precipitation and a slower 
removal for hours for days, likely due to adsorption, very little is known about the 
kinetics of these processes. Kinetic experiments and modeling have been performed for 
other areas of the wastewater treatment process. The kinetics of struvite precipitation and 
biological P removal has been examined. Researchers (Quintana et al. (2005); Rahaman 
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et al., 2008; Ohlinger, 2000) have been able to determine rate constants for the removal 
of phosphorus by struvite precipitation following first order kinetics. 
The current equilibrium based model needs to consider kinetic factors. 
Additionally, mixing intensity and a more realistic wastewater matrix including 
alkalinity, calcium and magnesium, needs to be considered. To improve our 
understanding of chemically mediated phosphorus removal and prepare to model the 
process for integration into whole plant modeling software a factorial design is used to 
study the relationship between factors likely to affect P removal. A 24 factorial design 
will allow two reasonable extremes of four major factors to be studied simultaneously. 
Statistical analysis will give insight into the process of chemical P removal and point to 
areas of focus needed to better model the process. 
The objectives of the following study are to therefore improve the understanding of 
chemically mediated phosphorus removal with respect to iron dose, pH, mixing intensity 
and water hardness. The knowledge gained from this lab scale study will provide 
necessary knowledge to improve the modeling of this nutrient removal process and direct 
future experimental studies. 
6.2 Experimental 
6.2.1 Experimental Set up 
Laboratory experiments were set up to control the pH of a 3L solution of simple 
synthetic wastewater spiked with 1 mg P/L. The solution was mixed with a propeller 
mixer (three paddles) connected to a motor (Talboys Instruments Corp., BODINE motor, 
model 102), such that the rotation of the paddle was at 75 or 500 rpm (see calculation of 
mixing intensity section 6.2.4). The solution was dosed with iron (FeCb) which signified 
the start of the experiment (time zero). Samples were drawn, using a syringe, from the 
3L solution to be filtered immediately and measured for orthophosphate. The total 
volume of sub-samples removed did not exceed 10% of the total solution volume. An 
average often samples were taken between 1 min and 6 hours after starting (dosing the 
iron), and three more samples around 24 hrs of mixing. 
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6.2.2 Orthophosphate Analysis 
Orthophosphate was measured in the filtrate of the sub-samples. The details on a 
filtration protocol designed for filtration of these specific sample types is outlined in the 
WEFTEC 2008 Conference proceedings (see Gilmore et al., 2008) and also in Chapter 5 
of this thesis. Essentially, syringe filtration using a 0.45 ^m filter from Millipore, where 
only the first lOmL of filtrate is considered and the flow rate of filtration is controlled at 
250 mL/hour. Orthophosphate is determined colorimetrically following the Standard 
Method 4500-P. E. (Standard Method, 1998) with a 1 cm path length or the modified 
colorimetric method for low level analysis using a 10 cm path length (Gilmore et al., 
2008). 
6.2.3 Equipment and Materials 
Phosphate was spiked from a stock solution (1000 mg P/L) prepared from 
Na3P04-12H20, from Fischer Scientific, New Jersey, USA. The stock solution for dosing 
iron was prepared from ferric chloride salt (FeCb^FkO Fluka, Switzerland). The pH 
was adjusted with 0.1 M NaOH (Sigma Aldrich, St. Louis, NJ, USA) and 0.2 M H2S04 
(95-98% pure, Sigma Aldrich, St. Louis, MO, USA). 
The pH of the solution was held constant (±0.1) using an automatic titrator system 
with half cell pH electrodes from Thermo Scientific. The pH meter, a Dual pH meter and 
Titrimeter (model 9501) and buret (dispenser 8901-5/16a mod. 93) are from Tanager 
Scientific Systems Inc. 
6.2.3.1 Synthetic Hard and Soft Water 
Synthetic fresh water was prepared following guidelines from Environment Canada 
(1990). The hard water is intended to have a final hardness between 160 and 180 mg/L 
as CaC03 and the soft water between 40-48 mg/L as CaC03. Sodium Bicarbonate, 
NaHC03 was obtained from EMD Chemicals Inc., Gibbstown, N.J. USA and calcium 
sulfate dehydrate, CaSO^HbO, magnesium sulfate heptahydrate, MgSOWFkO and 
potassium chloride, KC1 were obtained from Sigma Aldrich, St. Louis Mo., USA. 1000 
mg/L stocks solutions of each of the four reagents were prepared by dissolving 
appropriate quantities of the salt in Milli-Q water (18.2 MQ, Milli-Q). 
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6.2.4 Calculating Mixing Intensity 
The mean velocity gradient (G) was calculated following equation by Camp and 
Stein (1943) 
°i^ (32) 
where P is power dissipated in the water, V is the volume of the suspension and u. is the 
dynamic viscosity. The calculation for P is adapted from Svarovsky (2000) and shown as 
an expanded expression for mean velocity gradient in Equation (33). 
In this expression (Equation (33)), Co is a drag coefficient, Ap is the projected area of the 
paddles, p is density, (Vp-V) is the relative velocity between the paddle (Vp) and the fluid. 
CD is assumed to be 1.2 and viscosity and density of pure water were used (detailed 
calculations are shown in the Appendix). 
6.2.5 Experimental Design 
A 24 factorial design was used in this study. Experiments were performed in 
random order, only once. The four factors are iron dose, pH, mixing and water hardness. 
Reasonable values corresponding to high (+) and low (-) points for each factor were 
chosen based on the literature reviewed and previous experiments. The high and low 
values are listed for each factor in Table 6-1. 
Table 6-1: Factors and levels used in the factorial design 
Factor 
Iron dose (mg Fe/L) 
PH 
Mixing intensity, G (s"1) 
Water Hardness (mg/L as CaCOs) 
Low (-) 
5 
6 
23.5 
-44 
High (+) 
10 
8 
376.0 
-170 
90 
6.2.6 Qualitative Comparisons 
The data collected from 16 experiments can be presented in numerous ways. The 
following sections review qualitative comparisons of the data over the 24 hour period 
each experiment was performed. 
6.2.6.1 Iron Dose 
A visual comparison of the effect of dose is shown in Figure 6-2. In each of the 
graphs, two experiments are plotted, where only the dosing differs; all other experimental 
conditions are constant. A variety of experimental conditions are covered with the four 
plots in Figure 6-2. The four plots illustrate that the experiments performed with a higher 
dose of iron (10 mg Fe/L in black squares) reach a lower orthophosphate concentration in 
the filtrate. As expected, a higher dose removes more phosphate. After 24 hours, the low 
dose (5 mg Fe/L for 1 mg P/L), shown in open squares in Figure 6-2, still removes 
between 70% and 90% of the phosphorus depending on the other experimental 
conditions. It is interesting also to note that the relationship between iron dosed and 
phosphorus removed is not linear. Twice the dose (5 mg Fe/L to 10 mg Fe/L) results in 
an order of magnitude difference in residual phosphorus, both initially and after the 
equilibration period (24 hours). 
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Figure 6-2: Comparing the effect of dose on residual phosphorus. Initial phosphorus was 1 
mg P/L. An iron dose of 10 mg Fe/L is shown in black squares and a dose of 5 mg Fe/L is 
shown with open squares. 
6.2.6.2 Solution pH 
The comparison of the effect of high (pH 8) and low (pH 6) pH, shown in Figure 
6-3 shows that low pH is able to reach a lower residual phosphorus level than high pH. 
This was expected from previous experiments as shown in Figure 6-1, due to the nature 
of the phosphorus and iron species at acidic pH, there is an attraction between the 
positive iron species and the negatively charged solution phosphorus species. 
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Figure 6-3: Comparison of the effect of pH. High pH experiments were performed at pH 8 
(shown in black triangles) and low pH experiments were performed at pH 6 (open 
triangles). 
In Figure 6-3-A initially, the residual phosphorus level is similar for the experiments 
performed at pH 8 and pH 6. However, after the 24 hour equilibration period, the 
residual P concentration stabilizes at different levels, lower for the experiments 
performed at pH 6. The other three plots in Figure 6-3 (B-D) do not show this trend. 
After the initial rapid removal, likely due to co-precipitation of the phosphorus and iron, 
the experiments performed and pH 6 and pH 8 are at different residual phosphorus levels. 
6.2.6.3 Mixing Intensity 
The initial hypothesis in terms of mixing intensity was that faster mixing will result 
in better phosphorus removal because it keeps the iron colloids sufficiently small to allow 
more surface area for P sorption. The data comparing the effect of mixing intensity, 
shown in the four plots in Figure 6-4, does support this hypothesis. The plots (A-D) 
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demonstrate that faster mixing gets to lower residual phosphorus concentrations than 
slower mixing. 
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Figure 6-4: Comparison of the effect of mixing intensity on residual phosphorus removal. 
Each plot (A-D) compares two experiments where all variables are the same except mixing 
intensity. High mixing intensity or "fast mixing" (G=376 s'1) is shown in black dots and low 
mixing intensity of "slow mixing" (G=23.5 s'1) is shown in open circles. 
In plots A and B of Figure 6-4, it is evident that the difference in residual P as a 
result of mixing intensity is more pronounced after a period of a few hours. Initially, the 
removal that is likely due to co-precipitation results in similar residual P concentration 
regardless of mixing intensity. However, after the samples have been mixing for a few 
hours, the difference in residual P, as a result of mixing intensity, increases. The 
mechanism of removal after a few hours (up to days according to Szabo et al. (2008)) of 
mixing is likely due to adsorption, and as a result, mixing plays an instrumental role. 
More intense mixing will keep the iron floes small and provide more surface area for P to 
adsorb. Although this is an interesting observation, it is inconsistent between all mixing 
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experiments. In plots C and D of Figure 6-4, for example, the different mixing intensity 
result in different residual phosphorus levels both initially and over time. 
The results for mixing intensity can also be compared to the work done by Szabo et 
al. (2008) through the equation (Equation (31)) developed relating mixing intensity (G) to 
residual P based on their jar test data (shown in Chapter 2, Figure 2-9). The predicted 
residual P based on Equation (31) using the fast mixing intensity from this project is 
80 |xg P/L. The data in Figure 6-4, plot B shows this residual P (80 |ig P/L) from fast 
mixing (black circles) within the first few hours of mixing (-2-3 hours). In plot D, the 
residual P concentration from fast mixing is around 80 \ig P/L after 24 hours. The 
predicted residual P from Equation (31) at fast mixing is 700 ngP/L. From the plots in 
Figure 6-4, residual P is never recorded to be this high. The first sample measured is 
around 1 minute after the addition of iron, where P concentration are around 30-450 ug 
P/L. Therefore in this project, a residual P of 700 ugP/L could only be observed less than 
a minute after the addition of iron. 
The experiments performed by Szabo et al. (2008) to derive Equation (31) were 
performed at lower doses than are used in this project. As a molar dose, Szabo used 1.8 
(Fe/P) and the low dose in this project is a molar dose of 2.5 (Fe/P). Additionally, the 
water hardness and exact pH of the experiments Szabo et al. (2008) performed is not 
reported. This could explain why there is only a weak correlation between the equation-
predicted P based on the work Szabo et al. (2008) and the residual P concentration 
observed in this project. 
6.2.6.4 Water Hardness 
The effect of hard and soft water (presence of calcium and magnesium) on P 
removal is not as significant as the other factors tested, but it is clear water hardness 
affects P removal. A comparison of experiments done in hard water versus soft water is 
made in four plots shown in Figure 6-5 
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Figure 6-5: Comparison of the effect of water hardness. Experiments performed in hard 
water (-170 mg/L as CaC03) are shown in black diamonds and experiments performed in 
soft water (—44 mg/L as CaC03) are shown in open diamonds. 
The four plots (Figure 6-5) show that experiments performed in hard water reach a lower 
residual orthophosphate concentration than experiments performed in soft water. This 
indicates that calcium and magnesium ions, present in higher concentration in hard water, 
aid in the removal process. Similar to the comparisons on the effect of mixing, the 
difference in residual P due to water hardness is more prominent after a few hours of 
mixing. Initially the residual P is at a similar concentration for experiments performed in 
either hard or soft water. The interpretation from this is that the interaction of calcium 
and magnesium ions is more significant during the adsorption processes than during the 
co-precipitation process that observed initially. This could be a result of calcium 
phosphate precipitations aiding to remove phosphate from solution (Rietra et al., 2001; 
Carlson et al., 1997) as a mixed calcium phosphate precipitate forming above pH 6.8 
(Fettig et al., 1990). But that could only describe the mechanism at high pH. Another 
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possible mechanism for the presence of calcium aiding in P removal during adsorption is 
the formation of calcium carbonate to act as a seed for HFO formation and nucleation 
(Fettig et al., 1990). With increased amounts of HFO, P can adsorb to the surface to be 
removed as a precipitate. 
The effect of water hardness is further observed when all the factors are plotted 
simultaneously, as is done in Figure 6-6. 
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Figure 6-6: All four factors represented in one plot. The analytical response is expressed as 
percent P removed (on the z-axis). The average of the 'equilibrium P numbers' was used 
here (22-26 hours of mixing). pH and molar dose are on the x- and y-axis respectively, and 
mixing intensity and water hardness are expressed with various data points. The black 
points are soft water experiments and the open points are hard water experiments. 
To plot all four factors simultaneously, the analytical response is simply the average of 
the equilibrium P concentration (average P after 22-26 hours of mixing). In Figure 6-6, 
this is represented as percent P removed (on the z-axis). pH and molar dose are on the x-
and y-axis and mixing intensity and water hardness are represented with the various data 
points. The hard water experiments are shown in open symbols in Figure 6-6, while the 
soft water experiments are shown with black symbols. Because there are only two 
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variables for each factor, for example only two options for molar dose and two options 
for pH, the data points are stacked in four locations on the plot. The information this plot 
presents is that all the experiments performed in hard water (open points) are above 
(higher % P removal) than all the experiments done in soft water (black points). This 
further illustrates that although the effect of water hardness on P removal is less 
significant than the other effects, experiments performed in hard water remove more 
phosphorus than experiments performed in soft water. 
6.2.7 Statistical Analysis 
The factorial design used to understand chemically mediated phosphorus removal 
in a lab setting, considered four factors, dose, pH, mixing intensity and water chemistry, 
with residual orthophosphate concentration as the analytical response. Statistical analysis 
was performed, in Statistical Analysis Systems software (SAS Institute Inc., Cary, NC, 
USA), using the average orthophosphate concentration after mixing for 22-26 hours (after 
24 hours the system is assumed to be in equilibrium). This data is shown in Table 6-2. 
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Table 6-2: Summary of the equilibrium P values for each of the 16 experiments. The 
average is taken from the three or four orthophosphate concentrations (± standard error) 
determined around 24hrs. The last column is the average time corresponding to the 
average P concentration. 
Experiment # Average "equilibrium" P Average Time 
(mg P/L) (hrs) 
1 0.0424 ± 0.0005 21.45 
2 0.048 ±0.001 24.14 
3 0.0051 ±0.0003 24.42 
4 0.004 ± 0.002 24.42 
5 0.1900 ±0.0006 22.50 
6 0.093 ± 0.006 24.79 
7 0.250 ±0.002 23.96 
8 0.159 ±0.001 23.00 
9 0.052 ±0.001 23.11 
10 0.073 ±0.003 23.03 
11 0.011 ±0.004 22.85 
12 0.0044 ± 0.0002 25.24 
13 0.2699 ±0.001 25.46 
14 0.0832 ±0.0009 24.08 
15 0.298 ±0.003 24.10 
16 0.181 ±0.001 23.69 
The standard error in Table 6-2, is determined from the average of the three or four 
equilibrium values used to calculate the average equilibrium P. Replicate experiments 
were not performed. Due to the lack of replicate experiments, standard error for the 
factorial analysis was calculated using the three and four-way interactions. The three and 
four way interactions were determined to be insignificant, since plots for three-way 
interactions show no obvious interaction, which validates the assumption for the error 
calculation. The main effects and the two-way interacting effects are shown in Table 6-3 
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Table 6-3: Main effects and two way interactions of the factorial design 
Effect 
Dose 
pH 
Mixing 
Water Hardness 
Dose and pH 
Dose and Mixing 
Dose and Water Hardness 
pH and Mixing 
pH and Water Hardness 
Mixing and Water Hardness 
F ratio 
321.71 
90.86 
16.07 
6.46 
17.49 
9.18 
1.93 
0.65 
4.03 
0.09 
p value 
<0.000f 
0.0002* 
0.0102* 
0.0517 
0.0086* 
0.0291* 
0.2229 
0.4565 
0.1008 
0.7775 
values are significant atp<0.05 
Dose, pH, and mixing are significant parameters, and water hardness did not show a 
significant effect (at/?<0.05) under the conditions tested. This correlates with the visual 
analyses done in section 6.2.6. Visually there appeared to be an effect of water hardness, 
although not as significant as the other factors. Statistically, the effect of water hardness 
is not significant at a 95% confidence interval (see Table 6-3), but would be considered 
significant at a 94% confidence interval, for example. 
Significant two-way interactions are also highlighted in Table 6-3. Two factor 
interactions between dose and pH as well as dose and mixing are significant (at/?<0.05). 
Plots of the significant two way interactions are shown in Figure 6-7. 
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Figure 6-7: Significant two way interactions. A) Dose by pH. B) Dose by mixing intensity. A 
dose of 5 mg Fe/L is shown in open circles and a dose of 10 mg Fe/L is shown in shaded 
circles 
Plotting the data this way better illustrates the interactions. For example, in Figure 6-7-
A, it is clear that at a lower dose, pH has a greater effect. Similarly, in Figure 6-7-B at 
the lower dose, mixing has a greater effect. 
Since the statistical analysis has identified significant two way interaction, studying 
the main effect alone becomes irrelevant. This has implications for modeling, such that 
variables will need to be considered together. 
6.2.8 Kinetics 
Since very little is actually known about the kinetics of chemically mediated 
phosphorus removal, determining rates of reactions and rate constants would be greatly 
beneficial from a modeling perspective. Research on struvite precipitation kinetics found 
the reactions fit a first order model, however kinetic constants appear to be higher in real 
wastewater compared to synthetic liquor (Rahaman et al., 2008). Moreover, the reaction 
rate constant that were determined for struvite precipitation changed with mixing 
intensity (Rahaman et al., 2008). It is expected that modeling chemical phosphorus 
removal with iron would show similar trends. 
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and reverse reactions to P precipitation 
and dissolution 
The residual orthophosphate 
concentration over time provides the 
foundation for determining rate 
constants. Since the system is 
approaching equilibrium, both the 
forward and reverse reactions need to be 
considered (Morel and Herring, 1993). 
Figure 6-8 shows a visual representation 
of the forward and reverse reactions for P removal. A first order reaction with respect to 
phosphorus removed (forward reaction) and phosphorus back into solution (reverse 
reaction) was assumed. 
Rate constants were determined using non-linear regression analysis. The initial 
rapid P removal due to co-precipitation was assumed to be instantaneous. A P0 value 
(initial P) was determined as the P concentration after co-precipitation. Figure 6-9 shows 
two examples of the curves that were fit to data. 
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Figure 6-9: An example of the curves fit to the data to determine rate constants for the 
reaction. 
From the curves fit to the data (as shown in Figure 6-9) and the initial phosphorus 
concentration, P0 (after co-precipitation) and rate constants were determined for a 
forward (ki) and reverse reaction (k.i) assuming a first order reaction. The forward 
reaction is solution phosphate to solid phosphate (ki) and the reverse reaction is solid 
phosphate to solution phosphate (k_i) (see Figure 6-8). A first order rate matrix can be 
102 
created to represented the kinetic equations and allow integration of the rate equations to 
obtain rate expressions for the reacting species (Pogliani et al., 1996). The reaction 
represented in Figure 6-8 can be expressed simply with A as the reactant (Psoiution) and B 
as the products (Psoiid)-
A^B (34) 
k 
The rate matrix (K) will be a 2x2 matrix as shown below: 
= K (35) -k k "•12 "•21 
*12 — *21 . 
(36) 
The eigenvalues (X) and eigenvectors (\|/) are determined using Matlab (see script in 
Appendix). The diagonal matrix, exp(At), can be defined as follows (Equation (36)): 
.A A faPW ° 
exp(A0= . .. . 
0 exp(x2 )t 
At each time (t), concentrations of A and B can be determined using Equation ((37)). 
v4(0 = yexp(A/V_14>
 (37) 
B(t) = i//exp(At)y/~lB0 
Alternatively, the integrated rate laws as written in Equations (38) and (39) (Pogliani et 
al., 1996) relate concentrations of A and B to initial concentration (Ao and Bo) and the 
rate constants (k). 
A = ^[k2l + *12exp(-fe)]]+50^-[l-exp(-fe)] (38) 
k k 
B = ^-[ki2 + k21 exp(-to)] + A0 -!3-[l - exp(-fe)] (39) 
k k 
where t is time and k is ki/k2. Ao is the initial concentration, expressed at Po for the 
amount of phosphorus in solution after the initial rapid removal due to co-precipitation. 
Bo would be the initial amount of precipitate which is assumed to be zero. 
Rates of the forward (ki) and reverse reactions (k-i) were determined for all 16 
experiments. The rates for the forward reaction (PSOiution"^ Psoiid) ranged from 45.75 
Hg/L-hr to 1375.92 ng/L-hr. The rates for the reverse reaction (PSOiid"^ Psoiution) were all 
significantly less than the forward reactions, as expected. The rates for the reverse 
reaction ranged from 0.5 ug/L-hr to 459.71 ug/L-hr. The rate of the reverse reactions are 
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all less than 40% of the rate of the forward reactions and 10 of the 16 experiments 
showed the reverse rate less than 10% of the forward rate. 
The large range of rate constants determined for the 16 different experiments 
performed indicates that modeling the kinetics of the process of chemical phosphorus 
removal will not be straight forward. Had one rate constant been determined, or there 
was a visible trend in the rate constants compared to the variables tested, modeling the 
process would be significantly simpler than what these results suggest. No conclusions 
could be made about trends in the rate constants determined with respect to the factors 
tested. Further investigation of the kinetics of chemically mediated phosphorus removal 
with iron is still needed. 
6.2.9 Comparison to the Surface Complexation Model 
The surface complexation model for chemical phosphorus removal developed by 
Smith et al. (2008a) predicts residual phosphorus based inputs of iron dose, pH and an 
active site factor (ASF). The active site factor is the key modelling parameter that will be 
used to varying mixing intensity to compare to the data from this project. The model and 
the ASF are described in more detail in Chapter 2 (section 2.4.3.3). Smith et al. (2008a) 
describe the derivation of reasonable ASF values for the Fe-O-P system, where a value of 
1.18 would be suitable for a well mixed system and 0.31 for a poorly mixed system. The 
theoretical limit is 6, since ASF is describing oxygen sites available for binding and the 
chemical structure iron hexahydrate (see Figure 2.8 in Chapter 2) would theoretically 
have 6 oxygen sites available for binding (although this is not realistically possible). 
Table 6-4 shows measured residual P concentrations and surface complexation 
model predicted P concentrations for various ASF values. The SCM does not consider 
water hardness, therefore there are two values (a hard and soft water result) for each dose 
and pH combination. The P values are again the average of the equilibrium values. 
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Table 6-4: Measured residual P concentration and surface complexation model predicted P 
concentration for various ASF values. The model uses iron dose, pH and ASF values as 
inputs. 
Dose pH Slow Mixing Fast Mixing 
(mgP/L) Measured Model Measured Model Model Model 
P(mgP/L) Predicted P (mgP/L) Predicted Predicted Predicted 
ASF=0.31 ASF=1.18 ASF=2 ASF=3 
10 
10 
8 0.0482 
0.0733 
0.0051 
0.0111 
0.2496 
0.2978 
0.1592 
0.1814 
0.7853 
0.4806 
0.9124 
0.7552 
0.0424 
0.0520 
0.0039 
0.0044 
0.1900 
0.2699 
0.0929 
0.0832 
0.2572 0.1015 0.0447 
0.0206 0.0053 0.0021 
0.5609 0.3255 0.1735 
0.1508 0.0328 0.0109 
Comparing the data from measured P values to the expected residual P concentration 
from the SCM model, it is clear the SCM predicts higher residual P values than are 
observed. For fast mixing experimental data compared to model prediction with an ASF 
of 1.18 (well mixed) the model predicts a residual P concentration on average six times 
higher than is observed for the high dose experiments and about 2 times higher than is 
observed in the low dose experiments. A visual comparison of the experimental results 
to model predicted residual P is shown in the 1:1 plots in Figure 6-10. The plot on the 
left shows slow mixing data compared to model predicted results with an ASF of 0.31 
(poorly mixed system) and fast mixing data to model predicted results with an ASF of 
1.18 (well mixed system). 
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Figure 6-10: A 1:1 plot comparing SCM predicted residual P to experimentally measured 
residual P. A) compares slow mixing with an ASF input of 0.31 and fast mixing 
experiments to the model output with an ASF of 1.18. B) shows only fast mixing 
experimental data with three different ASF inputs: 1.18, 2 and 3. 
The data in Figure 6-10 A) falls above the 1:1 line indicating the model predicts higher 
residual P than is experimentally observed. Figure 6-10 B) shows only the fast mixing 
experimental data compared to three model predicted results with increasingly higher 
ASF values. When an ASF value of 1.18 in used in the SCM the residual P is over 
predicted (open circles fall above 1:1 line). When a value of 3 is used (black circles) the 
model under-predicts residual P values, and when an ASF of 2 is used in the model (grey 
circles), the points straddle the 1:1 line. Therefore, the appropriate ASF value to model 
fast mixing as was used in the experiments described here is around 2. For the 
experiments described here, four factors were varied to observe the change in residual P 
concentration, however the SCM does not consider all these factors. Variable water 
chemistry for example (hard and soft water) is not currently considered in the SCM, this 
likely affects how the model predicted results compared to experimentally observed 
results. Moreover, the SCM also does not consider factors simultaneously, such as dose 
and mixing and dose and pH, as is discussed in section 6.2.7 on two-way interactions. 
6.3 Conclusions 
A 24 factorial design was used to study four factors thought to be significant in 
chemically mediated phosphorus removal in wastewater. By comparing two extremes of 
four factors simultaneously, it was found that solution pH, iron dose and mixing intensity 
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are statistically significant, at a 95% confidence interval, in removing phosphate from 
solution by precipitation with iron. Water hardness showed an effect on P removal, but 
not as significant as the other factors. 
A high dose of iron (10 mg Fe/L for 1 mg P/L) is orders of magnitude better at 
removing phosphate compared to a low dose (5 mg Fe/L). As expected from previous lab 
studies, low pH (pH 6) reached a lower residual P concentration than high pH (pH 8), 
since pH 8 is approaching the pHp2C and the attractions between the negatively charged P 
species and positively charged Fe species would be reduced. High mixing intensity 
(376 s"1) achieves lower residual P concentrations compared to low mixing intensity (23.5 
s"1) since at high mixing intensity the iron floes are kept small, providing more surface 
area for P to adsorb. Finally, the presence of calcium and magnesium in hard water, aid 
in removing soluble P, more so than in soft water (where Ca and Mg concentrations are 
lower). The experiments performed in hard water were able to remove more P than the 
experiments performed in soft water. 
Significant two-way interaction between dose and pH as well as dose and mixing, 
indicate these variables need to be considered simultaneously when describing or 
modeling chemically mediated phosphorus removal with iron. Rate constants for the 
adsorption reactions to remove P from solution (ki) and the reverse reaction 
(Psoiid~^ Psoiution, k-i) were determined for the 16 experiments performed. It was found that 
a first order reaction fits well with the adsorption process and initial removal by co-
precipitation is assumed to be instantaneous. The wide range of rate constants indicates 
that modeling the kinetic processes of chemically mediated P removal will potentially 
involve changing rate constants but, more work needs to be performed. 
Comparing the residual orthophosphate concentrations observed for the 16 
experiments to surface complexation model showed the model predicted high residual 
orthophosphate concentrations when an ASF value of 1.18 or 0.31 are used for a well 
mixed and poorly mixed system, respectively. If the ASF value is increased to ~2 in the 
model, the model more accurately predicts residual P results observed from the fast 
mixing experiments. 
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Chapter 7 
Conclusions and Future Work 
To protect sensitive aquatic environments from eutrophication by effectively 
reducing the nutrient load from wastewater effluents, a detailed understanding of 
chemically mediated phosphorus removal is needed. Additionally, as regulations on 
phosphorus in wastewater effluents move to lower levels, the analytical methods for 
phosphorus determination needs to be optimized to measure these low levels. The goals 
of this research project were to optimize the Standard Method for low level 
orthophosphate determination and minimize the interference of filter clogging artifacts by 
designing a filtration protocol acceptable for dissolved particulate separations. With the 
analytical methods optimized for low P levels, lab scale experiments were designed to 
further the understanding of factors affecting chemically mediated P removal from a 
modelling perspective. 
Optimization of the Standard Method for low level orthophosphate determination 
was achieved in Chapter 4 of this thesis. It was found that by reducing the volume of 
mixed reagent added to a sample containing phosphate and increasing the colour 
development time, concentrations approaching 0.1 \ig P/L can be measured. For 
orthophosphate concentrations between 1 mg P/L and 0.1 mg P/L a 1cm path length is 
used (as described in the Standard Method). For concentrations between 0.1 mg P/L and 
0.01 mg P/L a 10 cm path length of absorbance is employed. The mixed reagent is 
reduced to 0.5 mL from Standard Methods for a 10 mL sample and the colour is allowed 
to develop for 1 to 3 hours. Similarly for concentrations below 0.01 mg P/L a 1 m light 
path can be used. A mixed reagent volume of 0.5 mL for a 10 mL sample is again 
suggested and colour development should be 24 hours. Following these guidelines, 
accurate and reliable orthophosphate determinations can be achieved at low levels. 
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The error associated with separating dissolved and particulate fractions in the 
synthetic jar tests used to mimic chemically mediated phosphorus removal showed 
significant volume dependence. Filter clogging artifacts are caused by colloidal iron 
aggregating on the surface of the filter to reduce the orthophosphate passing through to be 
measured as dissolved. This phenomenon is particularly significant in the synthetic 
samples of P and Fe prepared in Milli-Q water at low pH. The error associated with these 
artifacts is less significant in natural water samples and a neutral or high pH. To reduce 
the error in the synthetic samples, different filters, flow rates and sample volumes were 
tested to develop a protocol for dissolved particulate separations that reduces the error 
from filter clogging artifacts. A 47 mm Millipore filter is suggested with a flow rate of 
filtration of 250 mL/hr and 10 mL of filtrate collected. This protocol was confirmed on 
natural samples of river water, ground water and raw wastewater, and proves to be an 
efficient and reliable way to separate dissolved and particulate fractions for 
orthophosphate analysis. 
Finally, to continue understanding and modelling chemically mediated phosphorus 
removal, factorial designed experiments were employed to consider four significant 
factors simultaneously. Reasonable high and low values were chosen for iron dose, 
solution pH, mixing intensity and water hardness to create a 24 factorial design. 16 
experiments were performed where sub-samples of the reacting solution were removed 
over a 24 hour period and analyzed for orthophosphate. The results revealed that iron 
dose, solution pH, and mixing intensity are significant factors to phosphorus with iron at 
a 95% confidence interval. Also, significant two-way interactions between dose and pH 
and dose and mixing were identified. These two-way interactions indicate that future 
modeling efforts need to consider these variables simultaneously, instead of creating a 
model with separate dose, pH and mixing codes. Attempts to determine rate constants for 
the rate of phosphorus removal from solution (and the reverse reaction) were calculated 
with the data from 16 experiments over a 24 hour period. The initial removal due to co-
precipitation of phosphate and iron was assumed to be instantaneous, and a rate for the 
remainder of the process (predominantly adsorption) was calculated. There appears to be 
no trend in the rate constants determined, which has implications for future modelling 
efforts. 
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The results gathered from the factorial experiments are just the beginning of a 
much larger project to model chemically mediated phosphorus removal and incorporate 
this model into whole plant modeling software such as BioWin™. Future work will 
involve incorporating the findings of this research, particularly the two-way interactions 
between dose and mixing and dose and pH, into the current Surface Complexation 
Model. Additionally, incorporating kinetic factors into the currently equilibrium based 
model is needed. More research and testing will be needed to understand the kinetics of 
chemically mediated phosphorus removal. From this project, it is clear there is variation 
in the rate constants for the removal of phosphorus, and future work should establish 
more closely what causes the variations in rate. For example, do iron dose, pH, mixing or 
water hardness directly affect the rates of removal or rates of dissolution (reverse 
reaction)? Are there other factors that more strongly affect the rate of removal? 
Future work in the laboratory is also needed to incorporate a more complicated 
matrix more closely resembling the wastewater matrix. For example, incorporating 
organic matter would likely be the next step. As was outlined in the literature review, 
organic matter may have the ability to aid in removing phosphorus or interfere with 
chemical phosphorus removal. Perhaps similar experiments to the ones described in 
Chapter 6 could be repeated with the addition of tannic acid, a surrogate for natural 
organic matter, as part of the water chemistry. 
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Chapter 8 
Appendix 
A Additional Data from Filtration Experiments (Chapter 5) 
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Figure A-l: Flow rate comparison using 13 mm GMF GD/X filters. 500 mL/hr, 250 mL/hr, 
50 mL/hr and 10 mL/hr were tested using a syringe pump to control the flow rate. Volumes 
up to 80 mL through the filter were measured. The breakthrough is evident at all flow 
rates to occur around 20 mL of sample through the filter. 
0 20 40 60 $0 
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Table A-l: Comparison of repeat orthophosphate measurements (± standard error) for the 
25 mm GMF GD/X filter and the 47 mm Millipore filter at three pH values. At pH 4 both 
10 mL filtered and 25 mL filtered were considered. Samples were prepared as described in 
the methods (Chapter 3) but were shaken on an Eberbach reciprocal shaker (Eberbach 
6000, USA), overnight instead of with a propeller mixer. The decision to use the 47 mm 
Millipore filters and 10 mL sample volume considered these concentrations and standard 
deviations in addition to other factors discussed in the text of Chapter 5. 
lOmL 
25mL 
GD/X 
0.07±0.02 
mgP/L 
0.014±0.001 
mgP/L 
pH4 
Millipore 
0.0036±0.0005 
mgP/L 
0.007±0.006 
mgP/L 
pH 6 pH 8 
GD/X Millipore GD/X Millipore 
0.051±0.002 0.047±0.002 0.96±0.03 
mg P/L mg P/L mg P/L 
0.8±0.2 
mgP/L 
^^m^M^^^^&WAm^00^^XMM^%v}M 
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B Calculating G for the System at 75 rpm and 500 rpm 
Adapted from Svarovsky (2000) 
G= cDApP(vp-vy 
2VM 
CD=\2 
p = lx l0 3 %/«7 3 
V = 0.003 m2 
ju = \.0x\0~3kg/ms 
Ap = 3x0.015mx0.015w 
= 6.75xl0_4m2 
<yP-
Vp = r(2n)(rpm){™) 
= (0.025m)(2;r)(75 
= 0.196m/s 
- F ) = 0 . 8 ^ 
= (0.8)(0.196m/s) 
= 0.16 mis 
- 1 \ / lmins 
• CD, drag coefficient, is assumed to be 1.2 based on the length to width ratio of 
the paddle (Svarovsky, 2000) 
• G75rpm changes to 19 s"1 if CD is assumed to be 0.8 and 26 s"1 if CD is 1.5. The 
high a low mixing intensity values (G) are still appropriate for the factorial 
design with any of these CD values. 
• n, viscosity of liquid, is assumed to be 1.0 x 10"3 kg/m-s, the viscosity of water 
at 20°C. 
(1.2)(6.75xl0"4ffl2)(lxl03^g-m"3)(0.16m-5~1)3 
isrpn, - J 2(0.003m3)(l.0x\0-3kg m-'s-1) 
= 23.55'' 
VP = r{2n){rpm)(~) 
= (0.025m)(2^)(500min-1)(^) 
= 1.309w/5 
(Vp-V) = 0.Wp 
= (0.8)(1.309m/s) 
= 1.047m/.s 
(1.2)(6.75xlQ-4w2)(lxl03A:g-w-3)(1.047w^1)3 
500rpm
 " V 2(0.003m3)(1.0xl0-3*g-m-1-s-1) 
= 376.05"' 
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C Factorial Design 
Table C-2: Factorial design, with 'highs' and 'lows' for each of 16 experiments 
Experiment 
# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
Dose 
5mg Fe/L (-) 
10mgFe/L(+) 
+ 
+ 
+ 
+ 
-
-
-
-
+ 
+ 
+ 
+ 
-
-
-
-
PH 
PH6(-) 
pH 8 (+) 
+ 
+ 
-
-
+ 
-
+ 
-
+ 
+ 
-
-
+ 
-
+ 
-
Mixing Intensity 
Slow (23.5 s-1) (-) 
Fast (376.0 s_1) (+) 
+ 
-
-
+ 
+ 
+ 
-
-
+ 
-
-
+ 
+ 
+ 
-
-
Water Hardness 
Soft (-) 
Hard (+) 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
-
-
-
-
-
-
-
-
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D Complete set of Results for Factorial Experiments 
Experiment #1 Experiment #2 ___ Experiment #3 
az 10 20 
Time (hour) 
Experiment #4 
30 10 20 
Time (hour) 
Experiment #5 
30 az 10 20 
Time (hour) 
Experiment #6 
30 
10 20 
Time (hour) 
Experiment #7 
10 20 
Time (hour) 
Experiment #8 
10 20 
Time (hour) 
Experiment #9 
30 
A. 10 20 
Time (hour) 
Experiment #10 
30 
180 
160 
Tjer 
10 20 
Time (hour) 
Experiment #11 
10 20 
Time (hour) 
Experiment #13 
30 
~5> 8 
10 20 
Time (hour) 
Experiment #12 
O 
30 
10 20 
Time (hour) 
Experiment #14 
30 DC 
u -#> 
10 20 
Time (hour) 
Experiment #15 
30 
3 280K 
| 27qL 
1 260 
<D j£_ 
O O 
§150 
100 
10 20 
Time (hour) 
Experiment #16 
30 tr 10 20 
Time (hour) 
10 20 
Time (hour) 
10 20 
Time (hour) 
Figure D-2: Data from all 16 experiments in factorial design. Dots are data points and the 
line is fit to the points to determine rates of P removal. Experiment numbers (1-16) 
correspond with experiment numbers in Table C-2. 
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E Matlab Script to Process Kinetic Data 
% file to process kinetic data 
% start by loading the data 
% k12 is ppte rate constant 
% k21 is dissolution rate constant 
% AO is the amount of P in solution after the rapid removal is done 
function ll=Rate_data_summary 
warning('off); figure(1); elf 
options=optimset('isqcurvefit'); 
names=strvcat(... 
01 
02 
03 
04 
05 
06 
07 
08 
09 
10 
11 
12 
13 
14 
15 
16 
,... 
i * * * 
.... 
i"* 
,... 
,... 
,... 
.... 
!*'" 
,... 
,... 
, ... 
1 " * 
»' '* 
,... 
...); 
namesx={'01','02','03','04','05'l,06','07',,08','09','10',,11','12','13,,'14,,'15,,,16'} 
for i=1 :size(names, 1) 
data=returndata(names(i,:)); 
t=data(:,1)'; 
P=data(:,2); 
% intial guess 
k12=0.35; k21=0.125; A0=0.4; p=[A0 k12 k21]; %mode!=returnmodel(p.t) 
lb=[0 0 0]; ub=[1 10000000 10000000]; 
%params=lsqcurvefrt(@retummodel,p,t,P',lb,ub) 
params=lsqcurvefit(@returnmodel,p,t,P'); 
A0=(params(1)); 
k12=(params(2)); 
k21=(params(3)); 
time=0:1:26; model=retummodel(params,time); 
subplot(221);h=plot(t,P*1000,'ko',time,model*1000,'k'); 
set(h,'linewidth',2); set(h,'rnarkersize',8); set(h,'rnarkerfaceco!or','b') 
set(gca,'fontsize',14); set(gca,'linewidth',2) 
h=xlabel('Time (hour)'); set(h,'fontsize',14) 
h=ylabel('Residual P (\mug/L)'); set(h,'fontsize',14) 
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txt=['printfig',names(i,:),' -dpng']; eval(txt) 
paramsummary(i,:)=[A0*1000 k12*1000 k21*1000] 
end 
rowLabels = namesx; 
columnLabels = {'$A0 (\mu g P/L)$', '$k_{12} (\mu g LA{-1} hrA{-1})$','SkJ21} (\mu g LA{-1} hrA{-
1}) $'}; 
matrix2latex(paramsummary, 'paramsummary.tex', 'rowLabels', rowLabels, 'columnLabels', 
columnLabels, 'alignment', 'c', 'format', '%-6.2f); 
end 
F Rate Constants 
Table F-3: Rate constants (forward and reverse reactions) and initial P concentration (P0) 
determined from the curves fit to the data for the 16 experiments 
Experiment 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
Po(ligP/L) 
29.69 
38.37 
30.62 
8.36 
251.39 
240.77 
347.05 
230.03 
25.24 
42.10 
2.65 
1.77 
277.68 
147.65 
313.90 
231.76 
k, (^g/L-hr) 
71.25 
45.75 
1351.38 
407.77 
284.76 
1378.92 
467.71 
212.90 
114.49 
259.30 
747.05 
78.83 
570.38 
275.03 
1101.02 
222.10 
Mug/L-hr) 
3.39 
2.54 
9.11 
1.65 
67.39 
109.32 
158.51 
40.39 
6.48 
20.42 
3.21 
0.50 
206.65 
24.92 
459.71 
49.71 
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